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Kurzfassung:  
Thermoplastische Vulkanisate (TPV) sind eine kommerziell wichtige Gruppe von Polymer-
blends. Sie kombinieren die technologischen Eigenschaften konventionell vernetzter Elasto-
meren mit der Einfachheit der thermoplastischen Schmelzeverarbeitung. Mit dem ständig 
steigenden Markt haben TPV vielfältige Anwendung in verschiedenen Bereichen gefunden. 
In dieser Arbeit wurden die technologischen Eigenschaften dieser TPV durch das Wechsel-
spiel der physikalischen Parameter der Polymere und innovativer Elektronentechnologie auf 
die Anwendung zugeschnitten. Die Elektronenbestrahlung ist in der Polymerindustrie eine gut 
bekannte Vernetzungstechnik. Dennoch ist sie begrenzt auf die Vernetzung von Endproduk-
ten. Wir haben die Technologie durch die Kopplung eines konventionellen Innenmischers und 
eines hochenergetischen Elektronenbeschleunigers auf die nächste Stufe gehoben. Polypropy-
len (PP) und Naturkautschuk (NR) basierte TPVs wurden mit dieser neuen reaktiven Aufbe-
reitungstechnologie hergestellt, die als Elektronen induzierte reaktive Aufbereitung bezeich-
net wird (EirA). Verschiedene Elektronenbehandlungsparameter wurden genutzt, um die 
technologischen Eigenschaften der TPVs zu erhöhen. Darüber hinaus wurde der Einfluss ver-
schiedener multifunktionaler Monomer untersucht. In dem Bestreben, eine potenzielle Me-
thode für die Industrie zu entwickeln, wird ein tiefer Einblick in die makroskopische und mik-
roskopische Struktur dieser TPV mit der Hilfe spezieller Charakterisierungsmethoden gezeigt. 
Häufig auftretende Schwierigkeiten wie Viskositätsunterschiede, nicht angepasste Vernet-
zungsraten und Inkompatibilität in Folge unterschiedlicher molekularer Strukturen wurden 
mittels plausibler Lösungen überwunden. Untersuchungen zur Phaseninversion von einer ko-
kontinuierlichen zu einer verteilten (dispersen) Phasenmorphologie wurden mit besonderer 
Aufmerksamkeit durchgeführt, um die Struktur-Eigenschafts-Korrelation für alle TPVs zu 
verstehen. Zur Verdeutlichung der ganzen Bemühungen wurden am Ende dieser Arbeit ver-
schiedene technologische Eigenschaften für die mittels EirA gefertigten und die kommerziell 
verfügbaren TPV angegeben. 
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Abstract:  
Thermoplastic Vulcanizates (TPVs) are itself a commercially high valued group of polymer 
blend. They render technological properties of conventional vulcanized elastomers with the 
ease of thermoplastic melt (re)processability. With ever growing market, TPVs have got 
plenty of applications among various fields. Here, the technological properties of these TPVs 
were tailored according to the purpose by interplaying physical parameters of polymers and 
advanced high energy electron technology. Electron irradiation, though a well-known 
technique for cross-linking in polymer industry, is only restricted to final product treatment. 
We take it to the next level by coupling a conventional internal mixer and a high energy 
electron accelerator. Polypropylene (PP) and natural rubber (NR) based TPVs have been 
prepared using this new reactive processing technology, named Electron Induced Reactive 
Processing (EIReP). Various electron treatment parameters were explored to maximize 
technological properties of TPVs. Effects of various polyfunctional monomers (PFM) were 
also studied. In an endeavor to develop a potential method for customization, deep insights of 
macroscopic and microscopic structure of these TPVs were presented with the help of various 
advanced scientific characterization techniques. Commonly faced difficulties like viscosity 
mismatch, cure rate mismatch, and incompatibility due to different molecular structures were 
furnished along with plausible solutions. Investigation of phase inversion from co-continuous 
matrix to thermoplastic matrix was dealt with special care as it helps to understand structure-
property correlation for all TPVs. To make the whole effort relevant, at the end of this thesis a 
summary of various technological properties has been given for the newly processed and 
commercially available TPVs. 
Key words: Polypropylene; Natural rubber; Thermoplastic vulcanizate; reactive processing, 
Electron irradiation, electron induced reactive processing (EIReP). 
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Nomenclature 
 
 
ASTM   American society for testing and materials  
DMA    Dynamic mechanical analyzer 
DPGDA   Dipropyleneglycol diacrylate 
DSC    Differential scanning calorimeter 
DTMPTA   Ditrimethylol propane tetraacrylate 
DV    Dynamic vulcanization 
EB    Electron beam 
EIReP   Electron induced reactive processing 
EOC    Ethylene octene copolymer 
EPDM   Ethylene propylene diene rubber 
ISO    International organization for standardization 
MFI     Melt flow index 
NR    Natural rubber 
PFM    Polyfunctional monomer 
PP    Polypropylene 
SEM    Scanning electron microscope 
TAC    Triallyl cyanurate 
TEM     Transmission electron microscope 
TMPTMA   Trimethylol propane trimethacrylate 
TPE    Thermoplastic elastomer 
TPV    Thermoplastic vulcanizate 
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Symbols 
 
Gˈ     Storage modulus at melt state 
|η*|    Absolute value of complex viscosity 
Eˈˈ    Loss modulus 
Eˈ    Storage modulus 
eV    Electron volt 
G-value   Total number of molecules produced or destroyed  
per 100 eV of absorbed energy 
kGy    kilogray 
mA    milli-ampere 
meV    milli electron volt 
MeV    Mega electron volt 
Mn    Number average molecular weight 
tanδ     Loss tangent 
Tc [°C]   Crystallization temperature 
Tg [°C]   Glass transition temperature 
Tm [°C]   Melting temperature 
Xc    Gel content 
ΔHm [J/g]   Melting enthalpy 
ε [%]    Strain 
εB [%]   Elongation at break 
ν    Cross-link density 
σ [MPa]   Stress 
σm [MPa]   Tensile strength
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Chapter 1 
Introduction 
 
1.1. Thermoplastic elastomers (TPEs): A brief overview  
A thermoplastic is a class of polymer that repeatedly can be softened by heating and hardened 
by cooling through a temperature range characteristic of the polymer. Further, it can be 
shaped into products in the softened flowable state [ASTMD 1566]. Most thermoplastics are 
high-molecular-weight polymers whose chains associate through weak Van der Waals forces 
(polyethylene), stronger dipole-dipole interactions, and hydrogen bonding (nylon) or even 
stacking of aromatic rings (polystyrene). Whereas elastomers or, alternatively, rubbers 
(usually thermoset) are soft, flexible, and highly elastic materials that are applied in a wide 
range of applications, such as tires, seals, tubes, and gloves [Blow and Hepburn, 1982]. 
Rubbers are composed of highly flexible, long chain molecules and have a glass transition 
temperature (Tg) below room temperature. Nevertheless, from experiences, mankind has 
found that rubber can only be used after curing with suitable cross-linking agents, such as the 
invention of sulfur vulcanization by Charles Goodyear in 1839 opened a new door for various 
potential applications of natural rubber [Stern, 1967]. 
 
The formation of covalent cross-links between the chain molecules prevents melt 
(re)processing, which gives cross-linked rubbers a distinct disadvantage compared to 
thermoplastics. So the modification of thermoplastic commodities (e.g. polypropylene) via 
generation of polymer blends containing an entropy elastic soft phase offers large 
opportunities for improvement of material properties. In this respect, thermoplastic elastomers 
(TPEs) are an interesting class of polymers, since they combine the good elastic properties of 
cross-linked rubbers with the melt (re)processability of thermoplastics [De and Bhowmick, 
1990; Holden et al., 1996 & 2004; Radar, 2001]. All TPEs are composed of crystalline and 
amorphous domains. Some are blends or alloys (e.g. TPOs and TPVs) of crystalline and 
amorphous polymers; some are block co-polymers (e.g. SBS, SEBS) comprised of blocks of 
crystalline and amorphous domains along the same polymer chain. The crystalline domains 
act as the "heat-fugitive cross-links" and give TPEs their thermoplastic character. The 
amorphous domains give them their elastomeric character. The crystalline domains are 
typically referred to the "hard" phase and the amorphous domains to the "soft" phase.  
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While both phases contribute to the overall properties of a TPE, some key properties may be 
associated with one phase or the other thereby guiding the selection or design of a TPE. 
Figure 1.1 represents the phase separated molecular structure of TPEs. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Schematic structures of TPEs: (a) Copolymer with hard segments arranged 
in domains; (b) a type of rubber-thermoplastic blend [Biron, 2007]. 
 
The plastic properties like:  
 Processing temperatures 
 Continuous use temperature 
 Tensile strength 
 Tear strength 
 Chemical and fluid resistance 
 Adhesion to inks and adhesives are connected with the "Hard Phase".  
In contrast to this, the elastomeric properties like:  
 Lower service temperature limits 
 Hardness 
 Flexibility 
 Compression set and tensile set are related to the "Soft Phase".  
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Commercial TPEs are usually divided into two main classes, namely TPEs based on block 
copolymers (either tri-block or multi-block copolymers) and TPEs based on polymer blends 
[Brydson, 1973; De and Bhowmick, 1990; Holden et al., 1996 & 2004; Biron, 2007]. Among 
TPEs based on polymer blends, polyolefin rubber/ thermoplastic compositions have grown 
along two distinctly different product-lines or classes. One class consists of simple blends and 
is commonly designated as thermoplastic elastomeric olefins (TEOs) or simply thermoplastic 
olefins (TPOs) [ISO 18064]. The other class, called thermoplastic vulcanizates (TPVs) are 
produced by a special technique known as dynamic vulcanization, where the selective cross-
linking of rubber phase is carried out during the melt-blending with thermoplastic resins 
[Karger-Kocsis, 1999]. Most of the TPEs meet the standard definition of a rubber according 
to [ASTMD 1566]. Roughly, (1) they would recover quickly and forcibly from large 
deformations, (2) they can be elongated by more than 100%, and (3) their tension set should 
be less than 50%. The literature survey indicates that at present TPVs fall in the fastest 
growing segment of thermoplastic elastomer market with a global annual growth rate of about 
15% [Chatterjee and Naskar, 2007]. In present scenario polypropylene/ethylene propylene 
diene rubber (PP/EPDM) blends are the most important commercial thermoplastic vulcanizate 
[L’Abee, 2009; Babu and Naskar, 2011]. Two brands of PP/EPDM TPVs, Santoprene
®
 
(Advanced Elastomer System, Exxon Mobil, USA) and Sarlink
® 
3000 and 4000 (formerly 
from DSM Elastomer, The Netherlands and now Teknor Apex, USA) [Korning et al., 1998; 
Babu and Naskar, 2011] are almost synonymous to TPVs itself. But there is a steady increase 
in the market presence of natural rubber (NR) based TPVs. Vyram
®
 6000
 
(Advanced 
Elastomer System, USA), Telcar-DVNR
® 
(Teknor Apex, USA),
 
and Vitacom-DVNR
® 
(Vitacom, UK) are the commercially available polypropylene/natural rubber (PP/NR) based 
TPVs [Korning et al., 1998; Utracki, 2002]. The PP/NR TPVs, developed by the Malaysian 
Rubber Producers’ Research Association (MRPRA), can replace vulcanized rubber in end 
products where high resilience and strength are not essential but good low-temperature 
performance is needed [Thitithammawong et al., 2007a and 2007b]. In addition keeping in 
mind the naturally resourced component, it can be said that NR based TPVs have high 
potential in the niche market of fuel resource free materials. The demands for fuel resource 
free polymeric materials are constantly growing, their presence can be found even in the 
conventional sector like tyre industry. Enasave 70
®
 and 97
®
 [Sumitomo, 2007; Chapman, 
2007], consist 70% and 97% non-petroleum ingredients including major contribution of 
natural rubber or modified natural rubber (specially epoxidised-NR), are the two outcomes of 
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fossil resource free tyre from Sumitomo Rubber Group, Japan. Common perception of NR 
based TPV as a cheaper alternative of EPDM based TPV is no longer valid due to the price 
hike of NR in recent years, but no doubt it’s a value for money. 
For all commercially available TPVs, vulcanization of elastomer phase is carried out using 
various chemical cross-linking agents. Each and every cross-linking system has its own merits 
and demerits. The cross-linking systems most commonly used for the production of 
PP/EPDM TPVs are activated phenol formaldehyde resins, commonly known as resol-resins. 
There are two major problems associated with this cross-linking system [Naskar, 2004]: (a) 
hygroscopicity of the TPVs produced with this system and, (b) appearance of a dark brown 
colour. As an alternative peroxides have been employed. Later findings of the detrimental 
effects of peroxides, namely β-scission was also partially avoided, using suitable co-agents 
[Sritragool et al., 2010a; Sritragool, 2010] (e.g. TAC, Triallyl Cyanurate) and further by 
multifunctional peroxides (e.g. TBIB, 1-(2-tert-butylperoxyisopropyl)-3-isopropenyl benzene) 
[Naskar and Noordermeer, 2004a & 2004b]. For PP/NR TPVs, sulphur [Coran and Patel, 
1978] and phenol formaldehyde resins [Coran and Patel, 1981a] are mostly used, but peroxide 
curing is also available [Kuriakose et al., 1986; Cook et al., 2008]. Alternative cross-linking 
technologies like ionization radiations are also in use for curing of final products. Recent 
investigation for chemical free curing of TPVs focuses on these technologies.  
 
1.2.  Electron irradiation: The facility at IPF, Dresden 
Electron irradiation technique is a well-known technique for cross-linking, graft-linking, and 
polymerization in polymer industry [Drobny, 2003]. To carry out this research work, the 
irradiation facility which was used very frequently is installed at Leibniz-Institut für 
Polymerforschung (IPF) Dresden e. V. This facility having an energy range from 0.6 to 
1.5 MeV was procured from Budker Institute of Nuclear Physics (BINP) in Novosibirsk, 
Russia. In this facility various kinds of polymer modifications are carried out routinely along 
with the development of new technology for more advanced applications. For the routine 
work the facility is of conventional type having an assembly of three main parts; namely 
electron accelerator, a conveyor system for transporting the materials to the irradiation zone, 
and a safety system.  Figure 1.2 shows the various parts of electron irradiation facility. In this 
conventional type of irradiation, the polymeric materials are generally modified in their final 
shape, where further molding is not required. 
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Pressure vessel, 10 bar 
 insulating gas SF
6
 
Terminals for power 
supply, cooling water, 
insulating gas, control 
and measurement 
Conveyor 
system 
(a) 
(b) 
(c) 
Beam extraction system: Scanner  
 (high vacuum vessel) 
Beam extraction window 1 m  
(50 µm Ti) 
Scanning coils 
Aluminium pallet (1 m x 1 m) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2 Assembly of electron irradiation facility (a) high voltage 
generator, (b) electron scanner, and (c) conveyor system. 
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For advanced applications, the assembly shown in the figure 1.2 has been modified. For 
polymer modification in the melt-state an internal mixer is placed on the transport system in 
the irradiation zone. Thus, the production of raw material by using reactive processing is 
taken to one step ahead and it has been named Electron Induced Reactive Processing (EIReP). 
This process simultaneously combines the melt mixing and polymer modification with high 
energy electrons. The schematic representation has been shown in figure 1.3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A detail description and the actual picture of EIReP set-up is given in the section 2.4. 
This facility has already been employed to successfully formulate various TPEs, TPVs and 
polymer nanocomposites [Sritragool et al., 2010b, Naskar et al., 2009; Babu et al., 2011a and 
2012; Thakur et al., 2012]. An elaborate discussion regarding the formulations of PP/EPDM 
and PP/EOC TPVs using this EIReP facility is given in the section 2.5.   
 
 
Figure 1.3 Schematic representation of EIReP facility. 
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1.3. Synopsis of this thesis 
The use of TPVs has significantly increased since its invention in 1972 [Fisher, 1973]. 
Nowadays the development of TPVs is state of the art.  
 In Chapter 2, detail discussions have been provided on the preparation and 
properties of TPVs in general and PP/NR TPVs using various chemical cross-linking methods 
in particular. The basic concept behind polymer modification using high energy electrons and 
its present status is elaborated.  The EIReP technique is depicted along with its experimental 
setup; various parameters and previous applications to produce TPVs. 
 In Chapter 3, the aim and objectives of this present work has been clearly stated. 
And accordingly a work strategy has been fixed to execute the whole project.  
 In Chapter 4, the materials used and their physical properties have been listed. 
Preparations of TPEs and TPVs are described thoroughly. All the characterization techniques 
used in this work have been added along with their specific conditions.  
 In Chapter 5, product development for PP/NR TPVs has been elaborated in a step 
by step manner. According to the previous studies of PP/EPDM TPVs via EIReP, a trial 
experiment of PP/NR TPVs was done. Then three mostly encountered problems during 
preparation of TPVs; viscosity mismatch, incompatibility due to chemical structure and cure 
rate mismatch were overcome. Other conditions affecting the final properties and morphology 
of TPVs pre-/ or during- electron treatment have also been dealt with special care. A section 
has been completely devoted to the PP/NR TPEs produced by static or ex-situ electron 
treatment. Advantageous and adverse effects of polyfunctional monomers in respective cases 
of ex-situ and in-situ electron treatment have been compared. The final section of this chapter 
depicts the preparation and characterizations of additive free PP/NR TPV and then draw a 
structure-property correlationship. 
And at the end, an overall conclusion has been drawn regarding the successful 
completion of this work in addition to the emergence of EIReP as an efficient technology. A 
monograph for future prospect of this work and a comparison between new and commercially 
available TPVs was added in order to make the whole effort relevant. 
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Chapter 2 
State of the art 
 
2.1. Overview of thermoplastic vulcanizates (TPVs) 
Blending of polymers is an old but effective technique to get a new set of properties other 
than those of blend components. It is much easier than synthesizing a new polymer. It usually 
results in an immiscible multiple phase blends, because of thermodynamic reasons. 
Homogeneous miscibility in polymer blends requires a negative free energy of mixing. Gibbs 
free energy change of mixing is given by the following equation [Platzer, 1975; Paul and 
Newman, 1978; Utracki, 1989; De and Bhowmick, 1990; Korning et al., 1998]:  
∆Gm = ∆Hm – T∆Sm                                                       (eq. 2.1)  
where, ∆Hm represents the enthalpy change of mixing (J), ∆Sm the entropy change of mixing 
(J/K), and T the absolute temperature (K). The value of the entropy change of mixing, ∆Sm, is 
generally very small in polymer blends due to the high molecular weights of the polymers.  
 
Figure 2.1 Classification of thermoplastic elastomers (TPEs). 
Thermoplastic elastomers 
(TPEs) 
 
TPEs based 
on block 
copolymers 
TPEs based on 
polymer blends 
Tri-block 
copolymers 
Multi-block 
copolymers 
Thermoplastic 
(elastomeric) olefins, 
TEOs or TPOs 
Elastomer/polyolefin 
thermoplastic 
compositions 
Thermoplastic 
vulcanizates 
TPVs 
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And the Gibbs free energy of mixing can only be negative if the enthalpy of mixing, ∆Hm, is 
negative. Nevertheless, ∆Hm is generally positive for most non-polar polymers, which makes 
it unlikely to realize the necessary negative Gibbs free energy change for mixing to occur. 
Because of these thermodynamic aspects, polymer miscibility is the exception rather than the 
rule. Within immiscible blend, thermoplastic elastomers (TPEs) are an interesting class of 
materials, since they combine the good elastic properties of cross-linked rubbers with the melt 
(re)processability of thermoplastics. Figure 2.1 represents the classification of TPEs and 
shows where the TPVs stand in there. 
 
TPVs are produced by dynamic vulcanization [Korning et al., 1998; Naskar and 
Noordermeer, 2004a & 2005; L’Abee, 2009; Babu et al., 2009a-b, 2010a-c, 2011b; Babu, 
2010; Naskar, 2010; Babu and Naskar, 2011] of immiscible blends of elastomer and 
thermoplastic, i.e., selectively cross-linking the rubber phase while mixing with the 
thermoplastic at elevated temperature. If the cross-linked rubber particles of such blends are 
small enough and if they are fully vulcanized then the following properties are greatly 
improved: 
 Reduced permanent set;  
 Improved ultimate mechanical properties;   
 Improved fatigue resistance;   
 Greater resistance to fluids e.g., hot oils ; 
 Improved high temperature utility ; 
 Greater stability to phase morphology in the melt ; 
 Greater melt strength;  
In short, dynamically vulcanized blends can provide compositions, which are very elastomeric 
in their performance characteristics, but still (re)processable as thermoplastics. 
 
2.1.1.  Dynamic vulcanization (DV) 
Dynamic vulcanization, the basic method to process commercial thermoplastic vulcanizates 
(TPVs), was first claimed by [Gessler and Haslett, 1962]. The first TPE introduced into the 
market based on a cross-linked rubber-thermoplastic composition was derived from W. K. 
Fisher’s discovery [Fisher, 1973] of partially cross-linking EPDM phase of PP/EPDM with 
peroxide. Fisher controlled the degree of vulcanization by limiting the amount of peroxide in 
order to maintain the thermoplastic processability of the blend.  
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Significant improvements of the properties of these blends were achieved in 1978 by [Coran 
and Patel, 1978] by fully vulcanizing the rubber phase under dynamic shear, while 
maintaining the thermo-plasticity of the blends. These blends were further improved in 1982 
by [Sabet and Fath, 1982] by the use of phenolic resins as curatives in order to improve the 
rubber-like properties and the flow (processing) characteristics. A series of extensive studies 
on dynamically vulcanized TPEs were carried out by Coran and Patel in the early 1980s 
[Coran and Patel, 1980a-b; 1981a-c; 1983a-b]. These works led to the commercialization of 
Santoprene
®
 TPE, which was introduced by Monsanto in late 1980s. In recent years Naskar 
and Babu have further extended this process to a greater extent by introducing multifunctional 
peroxides in the case of TPVs based on PP/EPDM and PP/EOC (ethylene octene copolymer), 
respectively [Naskar, 2004; Babu, 2010]. 
 
2.1.2.  Preparation 
Polymer blends are generally prepared by melt mixing, solution blending or latex blending. 
Among these, TPVs are normally produced by melt mixing [Drobny, 2007]. In general, 
mixing extruders and co-rotating close intermeshing twin screw extruders with a high L/D 
ratio are suitable for the preparation of TPVs in a continuous process. For batch processes, 
generally internal mixers, such as the Banbury mixer, Brabender plasticorder etc. are used.  
Dynamic vulcanization processes are not entirely satisfactory for making soft compositions, 
because with rising rubber level, the resulting compositions become more difficult to process. 
The compositions give poor extrudates and sometimes cannot be extruded at all.  
 
Recently a new process called reaction induced phase separation (RIPS) has been 
introduced to prepare miscible thermoplastic vulcanizates having rubber particle size to the 
tune of sub micrometer by [L’Abee et al., 2007; 2008a-c, 2009]. They have prepared TPVs 
containing poly (e-caprolactone) (PCL) and epoxy resin, based on poly (propylene oxide) 
(PPO) with curative triethyl tetra amine (TETA). But still now, this has only been carried out 
in laboratory scale process and it needs further investigations.  
 
2.1.3.  Morphology  
The evolution of morphology in TPVs is governed by several parameters, including blend 
composition, viscosity ratio; shear force, and interfacial interaction between the two phases. 
Common perception is that during dynamic vulcanization, phase inversion from elastomeric  
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matrix to thermoplastic matrix takes place. Co-continuous morphology can be considered as 
the intermediate structure at which phase inversion starts and eventually the dispersed phase 
becomes the matrix phase and vice versa. The midpoint of the phase inversion region can 
generally be expressed by [Jordhamo et al., 1986]:  
1 / 2 = η1/ η2                                                                   (eq. 2.2)  
 in which, η1 and η2 represent the melt viscosities of the pure components, whereas ϕ1 and ϕ2 
are the volume fractions of the components at phase inversion. A simplified representation of 
this morphology development during dynamic vulcanization is shown in Figure 2.2. 
 
 
 
The early stage (A) is characterized by the presence of non-molten thermoplastic pellets that 
‘swim’ in the elastomeric matrix. After complete melting and mixing of these two phases (B) 
the morphology tends towards co-continuity (C). The combined shear and elongational forces 
act to deform the co-continuous morphology, but it actually leads to a refined co-continuous 
strand (D). Initial cross-linking leads to an increased viscosity of the elastomeric phase 
resulting in a simultaneous increase in the shear and elongational forces which deforms the 
refined co-continuous structure (E). On further cross-linking a critical stress is reached, where 
strands break up into small particles to reduce stress, and dispersion of cross-linked 
elastomeric particles within thermoplastic matrix takes place (F). The dispersed elastomeric 
phase will reach a final particle size (G) that depends on the deformation rate, the type of 
deformation, the composition, the viscosity (ratio), and the interfacial tension [Harrats, 2006]. 
The final morphology of commercial TPVs usually consists of irregularly shaped elastomer 
particles with a broad size distribution and a rather heterogeneous distribution in space. 
[Radusch and Pham, 1996] studied the morphology generation during the process of dynamic 
vulcanization for phenolic resin-cured PP/EPDM TPVs. [Sengupta and Noordermeer, 2005] 
Figure 2.2 Morphology developments of TPVs [L’Abee, 2009]. 
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reported the first use of electron tomography in reconstructing the 3D morphology in TPE 
blends. The strong influence of the rubber particle size on the mechanical properties was 
demonstrated by [Coran and Patel, 1980a], [Araghi, 2001], and [L’Abee et al., 2010] in the 
case of PP/EPDM TPVs. Figure 2.3 shows the dependence of mechanical properties on 
number-averaged rubber particle size. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Elongation at break and tensile strength as a function of number-averaged 
rubber particle size [L’Abee et al., 2010].  
 
It is generally accepted that one of the major advantages of the dynamically cross-linked 
blends over un-vulcanized blends is that the morphology is fixed on cross-linking and not 
altered by subsequent melt processing. 
 
2.2.  Polypropylene/natural rubber (PP/NR) TPVs 
Presently though an underdog, PP/NR TPV is slowly gaining importance due to the recent 
demand for fuel resource free polymeric materials. Vyram
® 
(AES, USA) and DVNR
® 
(Teknor 
Apex, USA; Vitacom, UK) are the commercially available PP/NR TPVs [Korning et al., 
1998]. DVNR
®
 developed by Malaysian Rubber Producers’ Research Association (MRPRA) 
could replace vulcanized rubber in end products where high resilience and strength are not 
essential, but good low temperature performance is needed [Thitithammawong et al., 2007a & 
2007b]. And there is also a recent patent from Tun Abdul Razak Research Centre (TARRC), 
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are believed to be sulfur cross-linked whereas the new patent from TARRC unveils peroxide 
cross-linking assisted with high molecular weight reactive polybutadiene. And there are also 
reports on curing by phenol formaldehyde resins. All these vulcanizing agents are in use for a 
long time. So, to understand the past development and present scenario of PP/NR TPVs we 
must focus on these three types of cross-linking systems. Though there are also few reports on 
other curing systems like bismaleimides and bisperoxy carbamates [Riahi et al., 2004].  
 
2.2.1. Sulfur  cross-linking 
The invention of the sulfur vulcanization by Charles Goodyear in 1839 significantly extended 
the application area of natural rubber [Stern, 1967]. So, when it comes to the PP/NR 
thermoplastic vulcanizates (TPVs), sulfur is a preferred choice. In addition to the main cross-
linking agent sulfur, accelerators such as benzothiazoles, sulfenamides, dithiocarbamates or 
amines in combination with activators, such as zinc oxide or stearic acid, are used to shorten 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Cross-linking of diene rubbers using sulfur [Scharnowski, 2005]. 
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cross-linking times and to prevent thermo-oxidative degradation of the rubber. Figure 2.4 
shows scheme of the cross-linking reaction of rubber molecules by sulfur vulcanization 
system. There are numbers of useful patents on PP/NR TPVs, starting dated back to 1978; 
probably the first one is of [Coran and Patel, 1978]. So it is not much later than the W. K. 
Fisher’s first discovery of partially cross-linked PP/EPDM TPV with peroxide [Fisher, 1973]. 
But as far as commercial success is concerned, PP/EPDM TPV is much ahead of PP/NR TPV. 
A representative sulfur cross-linking recipe for PP/NR TPV from above mentioned patent is 
presented in Table 2.1. 
 
Table 2.1 Sulfur cured PP/NR TPV recipe from [Coran and Patel, 1978]. 
Materials Composition-1 Composition-2 
NR 60 50 
PP 40 50 
TMTD 1.2 1.0 
MBTS 0.6 0.5 
ZnO 3.0 2.5 
Stearic acid 0.6 0.5 
Sulfur 1.2 1.0 
                                 
                 
In both cases mixing and molding temperature was set to 180 
°
C and 220 
°
C, respectively. 
Composition 1 and 2 give ultimate tensile strength of 135 kg/cm
2
 and 156 kg/cm
2
, whereas 
elongation at break of 380 % and 350 % respectively with a constant gel content value of 
96.2 %. Again in 1981 [Coran and Patel, 1981a] describes sulfur donor cross-linking system 
for preparation of improved PP/NR TPV. The data indicate that about 1.25 parts by weight 
each of sulfenamide accelerator, dithiocarbamate accelerator, and sulfur donor vulcanizing 
agent per 100 parts by weight of rubber needed to get sufficient properties of ultimate tensile 
strength 25.3 MPa and elongation at break of 550 % for 70/30 blend ratio of PP/NR. Another 
report [Varghese et al., 2004] discusses effect of mastication of natural rubber before mixing 
for PP/NR TPVs prepared by sulfur cross-linking. Mastication of NR (10 min) is found to 
improve processability without any significant technological property change, but over 
mastication is harmful. A good amount of work has also been done by [Kuriakose and De, 
1985; Kuriakose et al., 1985; Kuriakose et al., 1986] for PP/NR TPVs produced by sulfur as  
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well as sulfur-peroxide mixed vulcanization. The focus of their study was melt flow behavior 
and dynamic mechanical property correlation with scanning electron microscopy for varied 
blend ratio. For increasing proportion of rubber, increase in tensile strength and change from 
brittle fracture of polypropylene to a ductile type were shown. Recently [Thitithammawong et 
al., 2012] showed a significant improvement in mechanical and thermal properties by using 
mixed sulphur-peroxide vulcanization system. 
 
2.2.2. Phenolic resin cross-linking 
Phenol formaldehyde or popularly known as phenolic resin is another widely used curing 
system for PP/NR TPVs. The cross-linking reaction occurs through free phenol groups in 
presence of stannous or iron chloride catalysts [Nakason et al., 2006]. Vulcanizates with 
improved mechanical properties as well as resistance to moisture and heat are obtained. 
Commonly accepted mechanism for this vulcanization is given in figure 2.5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5 Cross-linking of diene rubbers by phenolic resins [Intharapat, 2009]. 
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The effect of this cross-linking system has been well documented by [Coran and Patel, 1981a] 
for different blend ratios of PP and NR in TPVs. The phenolic curative level was kept 
constant to 15 parts by weight per 100 parts by weight of rubber. The best set of mechanical 
properties (tensile strength = 26.2 MPa and elongation at break = 460 %) were shown by 
50/50 blend ratio. A representative phenolic curing recipe for PP/NR TPV from above 
mentioned patent is given in table 2.2. 
 
Table 2.2 Phenolic resin cured PP/NR TPV recipe from [Coran and Patel, 1981a]. 
 
Materials Composition-1 Composition-2 
NR 60 50 
PP 40 50 
Antidegradant 0.6 0.5 
ZnO  3.0 2.5 
SP 1045 phenolic curative 9.0 7.5 
 
 
Another work [Tanrattanakul et al., 2009] has shown that phenolic resin without 
catalyst was able to cross-link NR during dynamic vulcanization of PP/NR TPVs. One 
interesting feature indicates lowering of rubber (NR) particle size with increasing 
thermoplastic (PP) content. Particle sizes of 2.13 μm, 0.88 μm, and 0.63 μm were obtained for 
40, 50, and 60 % of PP, respectively. And in turn these submicron NR particles increased 
tensile properties, thermal aging resistance, ozone resistance, and oil resistance compared to 
TPEs (without vulcanization.). It is to be noted, no compatibilizer was used during 
preparation of TPVs. [Nakason and Kaewsakul, 2010] have studied the influence of oil 
content in dynamically cured PP/NR TPVs for phenolic resin system. Processing oil is a well-
known additive that lowers the hardness and improves the processability of TPVs. Due to the 
small polarity differences between the three components; the oil can be present in both PP and 
in elastomeric phase. Dynamically cured 60/40: NR/PP blends were prepared with paraffinic 
oil of 0, 10, 20, 30, and 40 phr. It was found that stiffness, hardness, tensile strength, storage 
shear modulus (G′), and absolute value of complex viscosity (|η*|) of the TPVs decreased 
with increasing loading level of oil. Furthermore, increasing oil loading caused decreasing 
trend of glass transition temperature (Tg) of the vulcanized rubber phase, degree of 
crystallinity and melting temperature (Tm) of the PP phase. This is attributed to distribution of 
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oil into the PP and cross-linked rubber domains causing oil-swollen amorphous PP phase and 
cross-linked rubber domains, respectively. It is anticipated that the amount of oil could be 
used to adjust hardness and other related properties of the TPVs. It was also found that the 
TPVs with oil in a range of 0 – 20 phr exhibited increasing trend of elongation at break and 
elastic response in terms of tension set and damping factor (tan δ). This is attributed to the 
major proportion of oil being first preferably migrated and diffused into the PP phase because 
of structural similarity. This caused an abrupt decreasing trend in degree of crystallinity and 
Tm of the PP phase. 
 
2.2.3. Peroxide cross-linking 
Peroxide curing systems were originally introduced for saturated elastomers like ethylene-
propylene rubber (EPR), ethyl-vinyl acetate copolymers (EVA), and silicone rubbers, but later 
it became equally popular for unsaturated elastomers like polyisoprene and polybutadiene etc. 
Generally this type of cross-linking shows lower technological properties compared to those 
of sulphur vulcanizates. On the other hand, peroxide vulcanizates coming from diene rubbers 
exhibit better thermal ageing and compression set resistance. The mechanism of cross-linking 
reaction using peroxides is shown in Figure 2.6. At the beginning of the cross-linking, the 
organic peroxide is decomposed in two organic radicals that can abstract hydrogen atoms on 
the rubber chains and then convert them into macro radicals.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.6 Peroxides cross-linking mechanism of diene rubbers [Intharapat, 2009].   
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The macro radicals can react to form carbon-carbon intermolecular bridges. There are many 
reports on peroxide cross-linking of PP/NR TPVs. Some important literature includes [Cook 
et al., 2005; 2008; Chapman, 2007], [Thitithammawong et al., 2007a-b], [Kuriakose and De, 
1985; Kuriakose et al., 1986], and [Yoon et al., 1995]. Recently, [Cook et al., 2008] from 
TARRC, UK have developed range of PP/NR TPVs using conventional peroxide cross-
linking assisted by co-agent and, experimental recipe excluding co-agent. Both, the 
conventional and newly developed recipe for peroxide cross-linking of PP/NR TPVs has been 
presented in table 2.3. 
 
Table 2.3 Peroxide cross-linked PP/NR TPV recipe from [Cook et al., 2008]. 
 
Materials Conventional Newly developed 
NR 75 75 
PP 25 25 
Coagent 3.75 -- 
High M.W. reactive polymer -- 3.75 
Peroxide 0.4 0.4 
 
 
Here, the co-agent used was liquid 1,2-BR, Lithene AH and various high molecular 
weight reactive polymer includes Buna Vi 70; JSR RB 810; high cis-BR, BR-40; low cis-BR, 
CB55 and SBR, Intol 1502. Additionally, there were calcium carbonate 37.5 parts, nathenic 
oil 20 parts and antidegradants 1.5 parts for all compositions. A good set of properties with 
processability have been achieved following this method. [Thitithammawong et al., 2007a-b] 
have tested optimal selection of peroxide type and concentration in relation to mixing 
conditions. In this case the best mechanical properties, e.g. tensile strength, elongation at 
break, and compression set, were obtained at lower mixing temperature with well-known 
dicumyl peroxide (DCP). But unfortunately it has smelly by-products. [Kuriakose and De, 
1985; Kuriakose et al., 1986]  have reported the effects of  blend  ratios, extent of dynamic 
cross-linking of  the elastomer phase as well as addition of  carbon black and silica filler on 
storage modulus (E´),  loss modulus  (E´´)  and  loss  tangent  (tan ) at different temperatures 
of TPVs. The cross-linking system adopted in that case was also DCP, but resulting higher 
deformation of final TPVs than that of sulfur vulcanized PP/NR TPVs. [Yoon et al., 1995] 
have studied reactive extrusion of PP/NR TPVs by peroxide (1,3-bis(t-buty1peroxy)benzene)  
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cross-linking in presence of co-agent (TMPTA). Yield strength and impact strength increased 
smoothly with peroxide up to 0.03 phr and decreased with 0.05 phr. The increase and 
decrease are due mainly to the cross-linking and chain scission of PP. At constant peroxide 
content, yield and impact strength generally increased with TMPTA content, except 0.15 phr, 
where a minimum was reached. One interesting feature was the significant improvement of 
impact strength with only peroxide/co-agent treatment, which means cross-linking took place 
in such a way that other properties were not sacrificed. [Wang et al., 2011] have studied the 
effect of peroxide content on the morphology and other properties of the PP/NR TPVs. With 
higher DCP content, mechanical property increased significantly as rubber particle size 
decreased, but overdose led to degradation and subsequent property loss. 
 
2.3. Polymer modification by high energy electrons  
The industrial use of electron beam (EB) is growing at a fast pace and is penetrating many 
areas, such as electronics, automotive, printing, adhesives and coatings, packaging, etc., 
which traditionally had their own well-established processes. In general the polymer 
modification process by high energy electrons is now state of the art. But the basic concept 
and technology remained almost unchanged from the very beginning. Here in the following 
sections we will discuss the basic concept behind interaction between polymer and 
accelerated electron, and then the present status of this technology. 
 
2.3.1. Basic concept  
Polymeric materials respond to radiation in several ways. Electron beam, a type of ionizing 
radiation is capable of converting monomer to polymer and can also bring major changes in 
properties of solid polymers. In principle, fast electrons are generated in a high vacuum 
(typically 10
–6
 torr) by a heated cathode [Drobny, 2003]. The electrons emitted from the 
cathode are then accelerated in an electrostatic field applied between cathode and anode. The 
acceleration takes place from the cathode that is on a negative high-voltage potential to the 
grounded vessel as anode. These accelerated electrons are focused and deflected by an optical 
system to the beam exit window of the accelerator.  
 
When an electron beam enters a material the energy of the accelerated electrons is 
greatly altered. They lose their energy and slow down almost continuously as a result of a 
large number of interactions each with only small energy loss. Electrons, as any other charged 
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particles, transfer their energy to the material, and through that they pass in two types of 
interaction. This interacting process can be divided into different phases (Table 2.4), where 
main interactions are elastic as well as inelastic collisions with electrons in the shells of the 
atoms. Somewhat simplified, the process of interaction of high-energy electrons with organic 
matter can be divided into three primary events: 1. Ionization, 2. Excitation and 3. Capture of 
electron. Besides these primary reactions, various secondary reactions take place in which 
ions or excited molecules participate. 
 
Table 2.4 Effects on matter after interactions with high energy electrons. 
 
Accelerated electron beams have sufficient energy to affect the electrons in the atom shell, 
but not its nucleus, and can therefore only initiate chemical reactions. Generally, the reactions 
initiated by high energy electrons are extremely fast and are completed in fractions of a 
second. Electrons that are capable of electronically exciting and ionizing organic molecules, 
such as acrylates, epoxides, etc., must have energies in the range from 5 to 10 eV. Chemical 
processing by electron beam involving polymerization, cross-linking, modifications, grafting, 
and degradation of polymers are induced by different reactive species formed initially by 
electrons in the spurs. These spurs cause different complex reactions in the chemical phase 
resulting in structural changes as well as changed properties of the polymeric material. These 
reactions often take place in absence of any additive. High energy electron treatment of some 
polymers (e.g. NR and PE) can lead to the formation of a three dimensional network 
structures, which can improve the overall physical or chemical properties of the original 
polymer. 
 
Types of interactions Interacting phase Effect 
Transfer of kinetic energy from 
accelerated electrons to matter 
Physical excited atoms/molecules and 
ions/free electrons 
Specific energy transfer reactions Physico-chemical radical generation via homolytic 
scission 
Complex chemical reactions Chemical changed polymer structure 
Chain scission, branching, 
cross-linking, grafting 
Phase change 
(New material) 
Chemical, mechanical, thermal 
property changes 
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Electron beam modification offers several distinct advantages when compared to other 
radiation sources, particularly γ-rays and x-rays:  
 
 The process is very fast, clean, and can be controlled with a great precision.  
 There is no permanent radioactivity since the accelerator can be switched off.  
 In contrast to γ-rays and x-rays, the electron beam can be steered relatively easily, thus 
allowing irradiation of a variety of physical shapes.  
 The electron beam process is practically free of waste products, and therefore is no 
serious environmental hazard. 
 
2.3.2. Present status 
Large-scale industrial applications of ionizing radiation started in the late 1950s, when 
Raychem introduced the production of polyethylene heat-shrinkable tubing and W. R. Grace 
started to manufacture polyolefin packaging. At about the same time Goodyear and Firestone 
initiated investigation on modification of rubber compounds by electron beam irradiation for 
tire applications. Today there are number of literatures available on modification of various 
polymers using electron beam. Worldwide wire and cable industry houses more than 30 % of 
total electron beam technology equipment [Drobny, 2003]. Cross-linking of wire and cable 
insulation requires, in general, high-energy electrons in the range of 0.5 to 2.5 MeV. The use 
of this technology is growing rapidly in other conventional sectors like; tyre, foaming etc. 
Nevertheless, all these processes follow the more or less same pathway of first mixing and 
processing the polymer(s) and then followed by shaping or molding it into the final product 
and at last fixing the shape by electron beam irradiation. Figure 2.7 schematically shows this 
pathway.  
 
 
 
 
 
 
 
 Figure 2.7 Common pathways for polymer modification by electron beam. 
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2.4. Electron induced reactive processing (EIReP) 
As the name implies, EIReP induces the chemical reaction in the polymer melts via high 
energy electrons. Thus, this essentially omits the requirement of thermoforming before 
irradiation; rather it combines the melt mixing and polymer modification with high energy 
electrons. Several reports from our department were published describing the potential use of 
this process in modification and cross-linking of different polymers. 
 
2.4.1. Experimental set-up 
The experimental set-up of EIReP process consists of an electron accelerator directly coupled 
with an internal mixer and thus, the irradiation can be done during the melt mixing of 
polymers. Figure 2.8 represents the experimental setup for the coupling of an electron 
accelerator to the mixing chamber.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Coupling of an electron accelerator to the mixing chamber. 
 
The penetration depth of electrons depends on acceleration voltage. As the voltage 
increases, penetration depth also increases. The gas atmosphere also plays an important role in 
the modification of polymers, depending on type of gas, functionalization changes for each 
specific polymer. In air, the amount of functional groups generated is more compared to 
nitrogen atmosphere. In addition, amount of chain-scission and cross-linking can also be 
controlled via gas atmosphere and additional use of cross-linking additives. The dose per 
electron exit 
window 
internal mixing 
chamber 
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rotation can be controlled by absorbed dose as well as rotor speed of internal mixer. Several 
studies show that it strongly influences the morphology development in TPVs. 
 
2.4.2. Basic parameters 
The important parameters involved in EIReP process are listed below:  
 Dose: It is the amount of absorbed energy per unit of mass. It is measured in Gray 
(Gy). It can be controlled by total treatment time. Kilogray is commonly used (kGy). 1 
Gy = 1 J/kg  
 Dose rate: It is defined as the absorbed dose per unit of time. It is measured in Gy/h 
and can be controlled by electron current at fixed treatment time.   
 Electron energy: It is controlled by acceleration voltage and is measured in Mega 
electron volts (MeV). It controls the treatment volume as well as the ratio of 
penetration depth to minimum rotor-to-rotor distance during EIReP.  
 Dose/rotation: It is defined as absorbed dose per rotation of rotors and is measured as 
kGy/rotation. It controls the absorbed dose during EIReP per single pass through the 
treatment zone.  
 Electron current: It is defined as the number of electron charges per unit of time. It is 
measured in milli-amperes (mA). 
 
2.4.3. Advantages of this new process 
EIReP has several advantages compared to conventional dynamic vulcanization technique. 
This can be applied to different polymeric systems which can bring about desired physical 
and chemical changes in the final material. In addition to the state of the art polymer 
modification with high energy electrons, this process allows the control of:  
 
 Charge input independent of dose input, 
 mobility of polymer chains, 
 diffusion rates of starting and reaction products,  
 chemical reaction rates,  
 effective surface area, 
 radical generation without any additive, and 
 intensive mixing under dynamic conditions. 
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2.5. Application of EIReP to prepare TPVs  
Though a relatively new process, EIReP has already been used to carry out few successful 
compositions of polymer blends and nanocomposites. In this section the two successful TPV 
compositions (PP/EPDM and PP/EOC) using EIReP will be discussed in detail. Nevertheless 
there are further experiments using EIReP, like thermoplastic elastomer from PP/ENR by 
[Rooj et al., 2011], blend of PP and ground tyre rubber particle by [Sritragool et al., 2010b], 
PP/Mg(OH)2 composites by [Volke, 2011] and TPV-nanocomposite by [Thakur, 2012] have  
also been carried out. 
 
2.5.1. PP/EPDM TPVs 
[Naskar et al., 2009] have reported a novel method for the preparation of PP-EPDM TPVs of 
50/50 blend ratio via EIReP. They studied the influence of absorbed dose (25 to 100 kGy), 
electron energy (0.6 and 1.5 MeV), and electron treatment time (15 to 60 s) on the 
morphology and mechanical properties of the TPVs. Figure 2.9 shows the effect of electron 
treatment time on mechanical properties and morphology of TPVs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 2.9 Effect of electron treatment on PP-EPDM TPVs [Naskar et al., 2009]. 
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It was found that with increasing dose, the tensile properties of TPVs were improved, which 
can be due to the increased degree of cross-linking of EPDM rubber phase. As the electron 
treatment time was decreased from 60 to 15 s, it was observed that the tensile strength and 
elongation at break were increased abruptly. Scanning electron microscopic (SEM) pictures 
showed inhomogeneous dispersion of EPDM rubber particle in continuous PP phase. The 
observed increment in tensile properties was attributed to the formation of in-situ graft-links, 
as evident by gel-content studies. In comparison to the mass of EPDM, the gel-content studies 
showed the formation of more than 100 % gel-content even after extraction of PP, which can 
only be attributed to the generation of in-situ graft-links. Thus, EIReP of PP-EPDM TPVs 
presents a novel approach for the preparation of TPVs without the use of any co-agent and at 
the same time, it eliminates all the demerits posed by conventional chemical cross-linking 
systems. In addition to absorbed dose and dose per rotation, [Thakur et al., 2012] have also 
studied the effect of premixing time and different blend ratios of PP/EPDM on the mechanical 
properties and morphology of the TPVs. Figure 2.10 shows the effect of premixing time on 
the mechanical properties of the TPVs. With less premixing time mechanical property 
deteriorated significantly. The same trend was also followed for the reduction of PP/EPDM 
ratios, where 30/70 ratio resulted in a much poor property than that of 50/50 ratio. This was 
attributed to the possible viscosity mismatch due to the change in thermoplastic to elastomer 
ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.10 Variation of the tensile strength and elongation at break 
with different mixing times before EIReP [Thakur et al., 2012]. 
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2.5.2. PP/EOC TPVs 
[Babu et al., 2011a] have reported the use of electron induced reactive processing for the 
preparation of PP/EOC TPVs at 50/50 blend ratio. The optimum processing and experimental 
conditions employed in the preparation of PP/EPDM TPVs [Naskar et al., 2009] have been 
used in this investigation. The intention was to understand the influence of high energy 
electrons in the EOC phase in the presence of PP phase in terms of cross-linking in the EOC 
phase as well as in-situ graft links at the interface. This investigation reported the changes in 
the physico-mechanical, thermal, morphological, and rheological properties. At given 
processing conditions, mechanical properties were improved for 50/50 PP/EOC blend 
exposed at 16 s which is in line with PP/EPDM TPVs. Increase in exposure time was found to 
exhibit inferior mechanical properties due to the predominant chain scission. The gel content 
values found to be in line with the mechanical properties observed. The appearance of a 
strong carbonyl (C=O) stretching band at 1720 cm
-1
supports the occurrence of oxidative 
degradation. DSC and phase morphology clearly indicates the heterogeneity of the blends. 
Though sample modified at 16s showed the finest particle size, mechanical properties are 
improved marginally when compared to uncross-linked samples. The poor distribution and 
dispersion of the cross-linked particles as inferred from the SEM photomicrograph of the 
blend hindered the mechanical properties. At the same processing and experimental 
conditions of EIReP on PP/EPDM and PP/EOC, the latter showed marginal improvement in 
mechanical properties. This may be ascribed to the severe oxidative degradation tendency of 
EOC polymer in the presence of air and also due to incongruity effect on the selected 
processing conditions. These limitations could have been improved by changing the 
experimental conditions of EIReP due to properties of raw material (e.g. viscosity mismatch, 
location of unsaturation, thermal and oxidative stability) as well as morphology development 
(e.g. pre-treatment time, rotor speed) before EIReP. Thus, in a further study [Babu et al., 
2012] focused on electron induced reactive processing of PP/EOC TPVs at 30/70 blend ratio. 
The absorbed dose was varied between 25, 50 and 100 kGy whereas electron energy 
(1.5 MeV) and treatment time (16 seconds) were kept constant. Thus, the optimum processing 
conditions were the same as by [Naskar et al., 2009]. Within the selected experimental range, 
gel content increased steadily with increase in absorbed dose. Tensile strength, 100% modulus 
and hardness also increased while elongation at break decreased with increase in absorbed 
dose. Although virgin EOC showed a prominent cross-linking characteristics when treated at 
stationary condition (gel content: 77 %), the extent of cross-linking severely restricted when 
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treated at dynamic condition (gel content: ~25 %). Figure 2.11 shows the effect of electron 
treatment on PP/EOC TPVs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.11 Effect of electron treatment time on PP-EOC blend [Babu et al., 2012]. 
 
The above observation clearly supports the inter-diffusion of oxygen and subsequent 
oxidative degradation mechanism. Tension set, morphological analyses and dynamic 
mechanical analyses supported the transition (phase inversion) of PP phase from dispersed to 
matrix phase as a function of absorbed dose. All the samples showed typical pseudoplastic or 
shear thinning characteristics. However, TPVs exhibited higher viscosity values in the low 
frequency range and more shear thinning characteristics than the uncross-linked blends, which 
in turn lent better processing characteristics. It was postulated that the network structure, 
mainly aggregates of cross-linked EOC particles, increased the viscosity and took part to 
collapse and deform which in turn exhibited higher shear thinning behaviour. This study 
revealed the positive influence of the EIReP in the preparation of TPVs and supported the 
previous demand of introducing a new technology for the development of various types of 
TPVs in an eco-friendly way. 
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Chapter 3 
Aim, objective, and strategy 
 
3.1. Aim and objectives of this work  
 
The aim of this work is to prepare additive free PP/NR TPVs by using electron induced 
reactive processing (EIReP) and to understand their structure-property correlationship. 
Literature survey has shown that the conventional technique inherits some serious 
disadvantages [Babu et al., 2011a; Duin, 2006]. Thus, limited chemical usage is an advantage 
in present scenario as discussions regarding environmental issues are going on top all over the 
world. Keeping all these in mind and being aware of the potential of the material, electron 
induced reactive processing (EIReP) has been chosen to fulfil our goal for developing a 
certain percentage fuel resource free thermoplastic vulcanizate in a practically chemical-free 
way. Finally, this knowledge will be extended to develop a potential method to customize 
properties of TPVs according to the end-use. 
 
In last few decades, a considerable amount of research has been devoted to PP/NR 
TPVs, but it is much lesser compared to PP/EPDM TPVs. EIReP is a comparatively new and 
unique process developed in our institute (Leibniz-Institut für Polymerforschung Dresden 
e.V.) and it has already been successfully used to prepare commercially important TPVs like, 
PP/EPDM [Naskar et al., 2009] and PP/EOC [Babu et al., 2011a & 2012]. The addition of 
PP/NR TPV into this diaspora will complete the circle where thermoplastic (PP) is the same 
but elastomers are diversified into three unique features, like unsaturation in branch (EPDM), 
in back-bone (NR) and no unsaturation (EOC). A thorough study of these three TPV types 
will help us gather all the required information to build a technique for property customization 
for any of these TPVs. A better insight of the effect of rubber particle size on the mechanical 
property is also aimed as it is a crucial part of the morphology which ultimately determines 
the final properties of TPVs. Previous investigations regarding preparation of TPVs using 
EIReP show that, apart from absorbed dose and dose per rotation, parameters regarding 
materials (e.g. viscosity ratio etc.) and mixing conditions (e.g. premixing time, rotor speed 
etc.) also have significant effect on the properties.  
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To study these effects in detail we plan to carry out a comparative study between state 
of the art and EIReP treatment keeping all other parameters constant. In state of the art 
technology, the product will be a thermoplastic elastomer (TPE) rather than TPV. So, if the 
TPE is successfully produced, it will be a stand-alone study of PP/NR TPEs by state of the art 
technology. And the successful preparation of completely additive free PP/NR TPVs could be 
a potential replacement for PP/EPDM TPVs. Thus, this investigation is not only to search for 
partially fossil resource free TPV, but it aims on a clean chemical free cross-linking 
technology. 
 
3.2. Work strategy for this project 
As we have noticed in the chapter 2, there are several factors which control the properties of 
the TPVs. Like many other TPVs, PP/NR TPVs mainly fail due to incompatibility. Three 
types of incompatibility have generally been noted [Varghese et al., 2004]:  
 
 Incompatibility due to viscosity mismatch which prevents or 
generally delays the distribution of intimate blends; 
 Thermodynamic incompatibility which prevents the mixing on 
the molecular scale;  
 Incompatibility due to cure rate mismatch in which virtually 
most of the ingredients that are available in a composition are 
predominantly consumed by the faster curing polymer 
component. 
 
Incompatibility due to viscosity mismatch can be overcome by several methods such 
as improving the blending process or by adjusting the viscosities of individual raw polymers. 
The mastication of NR is a common technique employed to lower the viscosity, but over 
mastication leads to increased degradation and reduced performance. Thus an experiment 
needs to be carried out for determining the proper mastication time. Finally, the determination 
of viscosities of masticated NR and PP of different molecular weight will help to choose the 
right pair. 
 
Thermodynamic and structural incompatibility may be minimized by using proper 
grafting agents [e.g. Trimethylol propane trimethacrylate (TMPTMA) or Ditrimethylol 
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propane tetraacrylate (DTMPTA) etc.]. These low viscosity polyfunctional monomers (PFMs) 
can act as cross-linking promoter and/or help graft-linkage formation. But, it is well known 
that excess cross-linking leads to lower extensibility (elongation). Thus, a study for proper 
type and optimal amount of PFMs will be carried out. 
 
In the case of PP/NR TPVs, PP does not undergo cross-linking, but radical generation 
rate may affect the whole cross-linking reaction. So, to determine the proper absorbed dose 
and dose per rotation, a thorough study is required on the effect of electron beam treatment on 
the individual polymers. The degradation of PP due to oxidation and high temperature 
treatment is also a competing process with the cross-linking of NR by high energy electrons. 
Thus, the effect of atmosphere should also be taken into consideration. If necessary the whole 
reactive processing has to be executed in nitrogen atmosphere.  
 
Successful processing of PP/EPDM [Naskar et al., 2009] and PP/EOC [Babu et al., 
2012] TPVs by this new reactive processing have already been reported. Though the PP/NR 
TPVs are characteristically much different, but electron parameters can be overtaken from 
these experiments as a starting point of our project. According to the experimental results a 
step by step process should be followed to formulate a successful PP/NR thermoplastic 
vulcanizate. 
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Chapter 4 
Experimental 
 
4.1. Materials description 
All the materials used throughout this work are presented here with their source and available 
few physical properties. 
 
Polypropylene (PP) 
Three grades of commercially available polypropylene (PP) were used. Table 4.1 summarizes 
their source and few physical properties. Figure 4.1 shows the structure of PP. 
 
Table 4.1 Descriptions of different polypropylene used. 
 
 
 
 
 
 
 
 
 
Figure 4.1 Structure of polypropylene (PP). 
 Polypropylene 
homopolymer 
Polypropylene 
homopolymer 
Polypropylene 
homopolymer 
Trade name PP HD 120MO PP HP 501H PP H 2150 
Company Borealis Lyondellbasell Lyondellbasell 
Density 
(g/cm
3
) 
0.91 0.91 0.91 
Melt Flow Rate (g/10 min) 
(230 °C; 2.16 kg) 
8 
 
2.1 0.3 
Grade Injection 
molding 
Injection 
molding 
Extrusion 
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Natural Rubber (NR) 
Standard Malaysian Rubber of low dirt content/light color (SMR-L) was kindly supplied by 
Tun Abdul Razak Research Centre, Brickendonbury, United Kingdom. The technical 
specification of this rubber is given in table 4.2. 
 
Table 4.2 Technical specification of SMR L  
Dirt content (max. %wt) 0.03 
Ash content (max. %wt) 0.50 
Nitrogen (max. %wt) 0.60 
Volatile Matter (max. %wt) 0.80 
Plasticity retention index (max. %wt) 30 
Mooney viscosity, ML1+4 (100
o
C) 78 
 
 
 
 
 
 
 
 
 
Figure 4.2 Structure of NR (cis-1, 4-polyisoprene). 
 
Polyfunctional monomers (PFMs) 
Various types of polyfunctional monomer known as cogent or grafting agent have been used 
throughout this research work. All grafting agents and their supplier have been summarized in 
table 4.3. Their structures have been presented in figure 4.3.  
 
Table 4.3 Descriptions of different co-agents used. 
Full name  and acronym Trade name & company Density 
(g/cm
3
) 
Dipropyleneglycol diacrylate, DPGDA DPGDA, Cytec Specialties 1.06 
Trimethylol propane trimethacrylate, TMPTMA SR-350, Sartomer 1.06 
Ditrimethylol propane tetraacrylate, DTMPTA Ebecryl 140, Cytec Specialties 1.10 
Triallyl cyanurate, TAC TAC, Cytec Specialties 1.10 
 
 
C=C 
CH
2
 CH
2
 
 
H CH
3
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Figure 4.3 Structures of different co-agents or polyfunctional monomers (PFMs) used. 
 
 
4.2. Preparation of TPEs and TPVs 
 
PP/NR blends [wt./wt.=50/50] were prepared by a batch process in a Haake Rheomix internal 
mixing chamber (figure 4.4), having a volume of 50 cm
3
, with a rotor speed of 45 to…90 rpm 
at 180 °C in presence nitrogen (N2). The friction ratio was maintained at 1.5. The total time of 
mixing was 11 to…14 min. The experimental variables were exposure time (15 
to….60 seconds) and absorbed dose (100 to…350 kGy) while electron energy (1.5 MeV) was 
not varied. Figure 4.5 shows a typical time vs. torque graph for melt mixing. For in-situ 
electron treatment or electron induced reactive processing (EIReP) the internal mixer was 
moved under the electron beam exit window of the high energy electron accelerator. 
Figure 4.6 shows time vs. temperature graph during EIReP of PP/NR blend. For ex-situ or 
DTMPTA TAC 
TMPTMA DPGDA 
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state of the art electron treatment, immediately after mixing, the composition was pressed 
manually by metallic plates without any additional heating.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Then it was cut into small pieces and pressed in a compression molding machine (Rucks 
Maschinenbau, Glauchau, Germany, Figure 4.7) at 200 °C for 6 min at a pressure of 88 bar to 
make 2 mm sheets. Then the sheets were placed on the pallet and passed through the 
irradiation zone of the electron accelerator by a conveyer system. The irradiation was done at 
room temperature and in nitrogen atmosphere.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PP NR 
Figure 4.5 Time vs. torque graph during the mixing of PP/NR blend.  
Figure 4.4 Modified Haake Rheomix internal mixing chamber.  
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The sheet was then cooled down to room temperature under pressure. The test 
specimens were die-cut from the compression molded sheet and used for testing after 24 h of 
storage at room temperature. Injection molding was also used for sample preparation in order 
to study its influence on the morphology and property level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Picture of compression molding-machine. 
Figure 4.6 Time vs. temperature graph during EIReP of PP/NR blend in N2. 
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4.3. Characterization techniques 
This section will give an overview of all the characterization techniques adopted throughout 
this research work. 
 
4.3.1. Mechanical testing 
The dumb-bell shaped specimens of the TPEs and TPVs used for mechanical testing were die-
cut from the compression moulded sheet and the testing was done after 24 h of maturation at 
room temperature as per ISO 527-2/S2/50 using an universal tensile testing machine Zwick 
8195.04 (Figure 4.8, Zwick Roell, Ulm, Germany) at a constant cross-head speed of 50 
mm/min. E modulus was determined in between 0.05 and 0.25 % of strain.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3.2. Rheological analysis 
Rheological measurements were carried out with an ARES rheometer (Figure 4.9, 
Rheometrics Scientific, New Castle, USA) within a torque range from 0.02 to 2000 gcm. The 
samples were prepared from the formerly compression molded plates. Their thickness and 
diameter were 2 and 25 mm, respectively. The measurements were done in N2 atmosphere at a 
temperature of 190 °C within an angular frequency range of 0.5 to 100 rad/sec. 
Figure 4.8 Picture of mechanical testing machine. 
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4.3.3. Thermal analyses 
 
Dynamic mechanical thermal analyser (DMTA):  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9 RheoARES from Rheometrics Scientific. 
Figure 4.10 Dynamic mechanical testing 
machine (Eplexor-2000N). 
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Dynamic mechanical thermal analyses (DMTA) of the samples were carried out using an 
Eplexor 2000N DMTA (Figure 4.10, Gabo Qualimeter, Ahlden, Germany) at a frequency of 
10 Hz and 0.2 % strain. The samples were first cooled to -100 °C and then subsequently 
heated at a rate of 4 K/min over a range of temperature from -100 to 140 °C. The tanδ peak 
maxima were assigned to the glass transition temperature (Tg) of NR and PP. 
 
 
Differential Scanning Calorimeter (DSC): 
DSC measurements (about 6 mg sample mass) were carried out with the TA instrument 
Model DSC Q1000 (Figure 4.11, New Castle, USA) in the temperature range of -80 °C to 
+200 °C at a heating (scanning) rate of 10 K/min under nitrogen atmosphere. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3.4. Morphological analyses (SEM & TEM) 
 
Scanning electron microscope (SEM): 
The surface morphology was investigated using the scanning electron microscope SEM Ultra 
Plus (Figure 4.12, Carl Zeiss SMT, Jena, Germany). Before SEM imaging, all samples were 
placed over a sticky surface made by conductive carbon cement on a SEM sample holder and 
Figure 4.11 DSC Q1000 from TA instruments. 
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then coated with platinum (layer thickness 15 nm) using a sputter coater (BAL-TEC SCD 500 
Sputter Coater, Leica, Wetzlar, Germany). Finally, the samples were prepared at -140 °C by 
cutting (Ultra-microtome UC 7, Leica, Wetzlar, Germany), without any staining or etching. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Transmission electron microscope (TEM): 
The bulk morphology was investigated using the TEM Libra 120 plus (figure 4.13, Carl Zeiss 
SMT, Jena, Germany). The measurements were done at room temperature using an 
acceleration voltage of 120 keV at bright field illumination. The samples were prepared at -
140 °C with an average thickness of about 80 nm using an ultra-microtome. The 
polypropylene part was selectively stained using ruthenium tetra-oxide [RuO4] to understand 
the better phase contrast. The [RuO4] stained PP phase is shown as darker phase. 
 
 
 
Figure 4.12 SEM Ultra-Plus from Carl Zeiss SMT. 
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4.3.5. Fourier transformed infra-red spectroscopy (FT-IR): 
FT-IR spectra of the uncross-linked and dynamically cross-linked (by EIReP) NR/ PP blends 
were recorded with an Equinox 55 (Figure 4.14, Bruker, Karlsruhe, Germany) Fourier 
Transform Infrared Spectrophotometer (FTIR). All the samples were scanned from 4000 to 
400 cm
-1
 at a resolution of 4 cm
-1
. All the results given in this report are the averages of three 
measurements. 
 
 
 
 
 
 
 
 
 
Figure 4.13 TEM Libra 120 Plus by Carl Zeiss SMT. 
Figure 4.14 FT-IR spectrophotometer Equinox 55. 
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4.3.6 Crosslink density determination 
Equilibrium solvent swelling measurement was carried out to determine the cross-link density 
values. A circular piece of 2 mm thickness was made to swell in cyclohexane for about 48 h 
to achieve equilibrium swelling condition. Initial mass, swollen mass and de-swollen or dried 
mass were measured and substituted in the modified Flory-Rehner equation [Flory and 
Rehner, 1943] to determine cross-link density values. 
Cross-link density of neat NR gum vulcanizates (ν) was calculated by using Flory-Rehner 
equation (equation-4.2):    
 
                                                                             (eq. 4.2) 
 
 
where ν is the number of moles of effectively elastic chains per unit volume of only NR phase 
[mol/ml] (cross-link density), Vs represents the molar volume of cyclohexane: 108.02 
cm³/mol, χ characterizes the polymer swelling agent interaction parameter (Huggins 
interaction parameter), which in this case amounts to 0.306 [Valentin et al., 2008], and Vr is 
the volume fraction of natural rubber copolymer in the swollen network, which can be 
expressed by equation-4.3: 
  
                                                            (eq. 4.3) 
 
 
Where, Ar is the ratio of the volume of absorbed cyclohexane to that of natural rubber after 
swelling. Q represents the swelling degree. 
Cross-link density values of the PP/NR TPVs were also measured using the same 
method (equilibrium solvent swelling) in order to determine the cross-link density of the NR 
in the presence of PP. In the case of TPVs, cross-linked NR is embedded in the relatively less 
swell-able matrix like PP. Cross-linked NR swells against the compressive force exerted by 
the PP matrix. From the degree of swelling, the overall crosslink density was calculated 
relative to the (NR + PP) phases and expressed as (ν + PP). This was done in order to avoid a 
correction for a part of the PP, being extracted as amorphous PP. Thus (ν +PP) represents the 
cross-link density of NR phase in the presence of PP and termed as overall crosslink density. 
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4.3.7. Gel content 
The gel content of the samples was measured by subjecting the samples to extraction for 8 h 
in boiling xylene at 140 °C to completely remove the soluble fraction of PP and NR phase. 
The samples was then dried in a vacuum oven after extraction and weighted. The gel content 
can be calculated as 
 
Xc = (W1/W0)*100       (eq. 4.4) 
 
In this equation Xc is the gel content, W0 represents the initial mass of the specimen and 
W1 is the mass after xylene extraction. 
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Chapter 5 
Results and discussion 
 
5.1. PP/NR TPVs via EIReP: Initial trial experiment  
In section 2.5, a brief description regarding the processing of various thermoplastic 
vulcanizates (TPVs) using electron induced reactive processing (EIReP) has been given. 
Where it has also been mentioned that the technique of in-situ cross-linking by high energy 
electrons during melt mixing was for the first time conceptualized and successfully employed 
at the Leibniz-Institut für Polymerforschung Dresden e.V., Germany to prepare PP/EPDM 
TPVs. An in-house set up of high energy electron accelerator coupled with an internal mixer 
was developed to facilitate in-situ cross-linking of polymeric materials during melt mixing at 
an elevated temperature.  
The present study aims on the use of electron induced reactive processing for the 
preparation of PP/NR TPVs. To understand how the in-situ electron treatment works for 
different polymer blend systems and how that can be manipulated to get customized TPVs, 
first we decided to put on the shoes of successful PP/EPDM blend. PP/NR TPVs were 
prepared according to the formulation and electron parameters of PP/EPDM TPVs [Naskar et 
al., 2009], except few changes specifically required for PP/NR blend system. The formulation 
and parameters of PP/EPDM TPVs are given in section 2.5.1. Owing to its origin and 
structure, natural rubber (NR) requires exceptionally high absorbed dose to fully cross-link 
and which in turn has a prominent degrading effect on the polypropylene (PP) phase. Thus, 
the whole process was carried out under inert atmosphere of nitrogen in order to avoid 
additional oxidation of PP in presence of oxygen. This processing tool was not available at the 
time of preparation of PP/EPDM TPVs. Further, the pure NR was masticated for 20 minute at 
room temperature to lower the viscosity mismatch between NR and PP. To reduce the 
absorbed doses for cross-linking of NR phase TMPTMA (2 wt.-%) was added during mixing 
except the control sample (TPEcontrol). Other samples were designated according to their 
treatment dose, TPV150, TPV250, and TPV350 for treating with an absorbed dose of 150, 
250, and 350 kGy. Physico-mechanical, thermal, morphological, and rheological studies have 
been carried out in order to understand the effect of EIReP on the PP/NR blend. 
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5.1.1. Mechanical properties 
The stress–strain curves of the PP/NR TPVs prepared by EIReP are shown in figure 5.1. The 
data of table 5.1 confirm that, EIReP has a profound effect on the mechanical properties of 
prepared TPVs. Tensile strength, elongation at break, and Young’s modulus strongly increase 
after EIReP, at an absorbed dose of 150 kGy (TPV150) in comparison to pure PP/NR blend. 
Nevertheless, this increase is abruptly restricted and lowered with further increase of absorbed 
dose.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1 Summary of mechanical data for PP/NR blends before and after EIReP. *  
Compound 
TS 
[MPa] 
EB 
[%] 
100% Mod. 
[MPa] 
E mod. 
[MPa] 
Hardness 
Shore A 
 
TPE control 7.0 ± 0.9 113 ± 19 7 ± 0.5 141 ± 20 83 
TPV150 13.5 ± 0.5 200 ± 15 12.0 ± 0.4 612 ± 18 92 
TPV250 12.3 ± 0.1 143 ± 10 12.1 ± 0.2 575 ± 16 93 
TPV350 12.0 ± 0.3 140 ± 07 12.0 ± 0.2 534 ± 11 95 
 
* Average of three measurements. 
Figure 5.1 Tensile stress–strain curves of PP/NR blends 
before and after EIReP. 
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In the case of TPVs, the mechanical properties are mainly attributed to the 
thermoplastic matrix phase which is further enhanced by dispersed rubber phase [Babu and 
Naskar, 2011]. Here, the decrease in mechanical properties at higher absorbed dose can 
probably be attributed to the sensitivity of PP phase towards electron induced degradation. A 
higher absorbed dose causes comparatively higher degradation leading to less property level, 
which may be confirmed by infrared spectroscopy in later section. In comparison to the 
control sample the hardness has significantly increased for the 150 kGy treated sample, but a 
further increase in absorbed dose leads to a small improvement.  
 
5.1.2. Dynamic mechanical properties 
The temperature dependence of storage modulus (Eˈ) and tanδ for untreated and EIReP 
treated PP/NR blends are shown in figure 5.2 and 5.3, respectively. Below the glass transition 
temperature of NR, it can be observed that the storage modulus of the samples TPV250 and 
TPV350 showed higher values than that of the untreated sample (TPEcontrol). In contrast to 
this, the sample TPV150 showed a lower storage modulus in comparison to the untreated 
sample. This might be due to the partial consumption of TMPTMA at an absorbed dose of 
150 kGy which in turn caused a lower modulus. Nevertheless, all samples came at par in the 
high temperature region. The continuous matrix phase determines the DMA properties. In the 
case of the control sample, the morphology is co-continuous and both phases contribute to the 
DMA properties. In contrast to this, the EIReP samples showed a continuous thermoplastic 
phase. In accordance to [Omonov et al., 2007] the continuous thermoplastic phase dominates 
its contribution to DMA properties. Figure 5.3 shows two glass transitions (Tg) at -55 °C and 
~14 °C which are related to NR and PP, respectively. In figure 5.2, the sharp decrease in the 
storage modulus within the range of the glass transition of NR may attribute to an incomplete 
phase inversion. The TPV150 showed a pronounced phase inversed morphology. This led to 
lower contribution from the rubber part in the temperature range below Tg of NR. At higher 
temperature, the continuous thermoplastic phase was supposed to be the dominating factor for 
the irradiated samples. 
Nevertheless, all EIReP samples showed less values of storage modulus at elevated 
temperature in comparison to the untreated sample (TPEcontrol). This is in contrast to the 
previous study [Naskar et al., 2009] and supports a higher yield of degradation in comparison 
to cross-linking. 
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Figure 5.2 Storage moduli from temperature sweep 
experiment. 
Figure 5.3 tanδ from temperature sweep experiment. 
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5.1.3. Cross-link density and gel content value 
The figures 5.4 and 5.5 show the respective gel content and crosslink density values of PP/NR 
TPVs as function of the absorbed dose. In addition, figure 5.4 shows the gel content of 
masticated NR for the same absorbed dose values. The results show that with increasing dose, 
both the gel content and cross-link density values are increased steadily. At an absorbed dose 
of 350 kGy, a maximum gel content value of 32 % was obtained, which is much lower than 
the weight fraction of NR (~ 50 wt.-%) in the PP/NR blend. In addition, this low gel content 
of the PP/NR blend is contrary to those results we got after cross-linking of pure NR under 
static conditions at room temperature (figure 5.4). This mismatch in gel content values 
demonstrate that our process of electron induced reactive processing has a negative influence 
on the cross-linking yield of NR at elevated temperature under high shear and deformation 
rate.  
 
 
 
 
 
 
 
 
 
 
It is known that the reactivity of free radicals in reactive processing depends on 
mixing temperature, mixing time, rotor speed, and fill factor. NR has a high molecular weight 
resulting in high viscosity and high shear forces. Finally, a negative effect is also reflected in 
the hardness value (table 5.1), an indirect indicator for the extent of vulcanization. 
Figure 5.4 Gel content values of NR and EIReP modified 
PP/NR blends. 
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5.1.4. Chemical changes 
The changes in molecular structure and the formation of new bonds are investigated using 
FTIR spectroscopy in ATR mode. The FTIR-spectra of PP/NR blends before and after EIReP 
is shown in figure 5.6. For all samples, an absorption band was observed at 1735 cm
-1
 due to 
carbonyl (C=O) stretching vibration. This band might arise from the mastification of NR in 
air or the melt mixing in inert gas atmosphere having an oxygen content of about 500 ppm. In 
the case of EIReP modified samples, this band is very pronounced and might arise from the 
additional use of TMPTMA or degradation during EIReP. The intensity of another absorption 
band at 1660 cm
-1 
corresponding to
 
alkene unsaturation (C=C) is decreased after EIReP due to 
cross-link formation and consequent lowering of unsaturation in NR. The band at 1640 cm
-1
 
could be assigned to C=C stretching of trans-vinylene, present in TMPTMA [Litvinov and 
De, 2002]. Its presence in the sample of TPEcontrol could be explained by the mastication of 
NR and/or the degradation of NR and PP during melt mixing. In the case of prepared TPVs, 
their amount is less and follows the order of absorbed dose within the experimental 
uncertainty. Another prominent peak at 1540 cm
-1
 is generally attributed to the presence of 
impurities in NR (COO
-
 for proteins and amino acids) [Salomon and Van der Schee, 1954; 
Akolekar et al., 2012]. The peak maximum was obtained for the control sample as the 
impurities are destroyed at high absorbed dose values. 
Figure 5.5 Crosslink density values of PP/NR TPVs from 
solvent swelling method (experimental error ≤ 2%). 
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This explains why it followed the same trend like the bands at 1640 and 1660 cm
-1
. 
The spectra might support some degradation of PP and/or NR during melt mixing at high 
temperature and high shear forces which would be in agreement with the gel content.  
 
5.1.5. Rheological properties 
To understand the melt rheological characteristics of the polymer blends, dynamic frequency 
sweep tests have been carried out for all the samples. The new network–structure formation 
and architectural changes can further be understood from the absolute value of complex 
viscosity and storage modulus. The absolute value of complex viscosity (|η*|) and storage 
modulus (Gˈ) are shown as function of angular frequency in figure 5.7 and 5.8, respectively. 
All the samples follow the same tendency of decreasing complex viscosity towards higher 
frequency, which is a feature of pseudoplastics [Wang et al., 2011]. A pronounced increase in 
the absolute value of complex viscosity at lower frequency is observed for the EIReP samples. 
This may be attributed to the changed morphology. In the case of TPV samples, it represents a 
filled polymer system showing dispersed rubber particles in the continuous PP matrix.  
Figure 5.6 IR spectra of all the PP/NR blends. 
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At higher frequency this filled polymer like structure tends to break down [Babu et al., 2010] 
and so the resistance to retain the original structure succumbs resulting in a lower absolute 
value of complex viscosity. In contrast to this, the un-irradiated sample (TPEcontrol) retains a 
higher |η*| at higher frequency. 
 
 
 
 
 
 
 
 
 
 
 
 
The figure 5.8 shows the storage modulus (Gˈ) as function of angular frequency. In the 
case of cross-linked TPVs, the dependence of Gˈ on angular frequency is less pronounced in 
comparison to the TPEcontrol. This dependence decreases with increase in absorbed dose and 
indicates more solid state like behaviour of the TPV samples due to the changed morphology. 
More detailed studies are required in order to discuss the effect of PP branching at high 
temperature electron treatment [Krause et al., 2006] as well as irradiation and/or friction 
induced degradation of PP and NR.  
 
 
 
Figure 5.7 Absolute value of complex viscosity as function of 
angular frequency. 
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5.1.6. Thermal properties 
Differential scanning calorimetric study were carried out to understand the crystallization and 
melting behaviors of the prepared samples. The melting endotherms for all the samples are 
shown in figure 5.9. In addition, the melting temperature (Tm), the heat of fusion (ΔHf), and 
the crystallinity (Xc) of PP/NR blends are listed in table 5.2 for different values of absorbed 
dose. The EIReP treatment brings significant micro-structural changes in both phases of 
TPVs. The increase in the absorbed dose gives a decreasing trend in melting temperature of 
PP for all TPVs. There are different effects of electron irradiation on the PP matrix.  
 Table 5.2 DSC data for PP matrix in 50/50 PP/NR blend before and after EIReP. 
 
 
 
 
 
Sample 
Melting temp. 
Tm (°C) 
Heat of fusion 
Hf (J/g) 
Crystallinity 
%  
TPEcontrol 165 54 26 
TPV150 160 52 25 
TPV250 158 50 24 
TPV350 157 50 24 
Figure 5.8 Storage moduli as function of angular frequency. 
Chapter 5. Results and discussion 
 
 
59 | P a g e  
 
These are the reduction of molecular weight, chain branching, and incorporation of chemical 
groups like carbonyl and hydro-peroxides [Otaguro et al., 2010]. All these processes 
contribute to the destruction of ordered structure in PP and the formation of some imperfect 
crystals [Rooj et al., 2011] which in turn will also lower the melting temperature and 
crystallinity.  
 
 
  
 
 
 
 
 
 
 
 
5.1.7. Morphological analysis     
The final morphology of TPVs owes to several parameters, including the blend composition, 
viscosity ratio, shear force, and interfacial interaction between the two phases. In accordance 
to common perception, during dynamic vulcanization phase inversion from elastomeric 
matrix to thermoplastic matrix takes place. Once the morphology is settled, the dominating 
factor is the rubber particle size in thermoplastic matrix. The studies regarding the 
dependence of various properties on the rubber particle size have been done thoroughly for 
PP/EPDM TPVs [L’Abee et al., 2010; Coran and Patel, 1980a]. Following the same analogy, 
it can be inferred that smaller rubber particle size will lead to better mechanical properties for 
PP/NR TPVs as well. Figure 5.10 shows the morphology of PP/NR blends before and after 
EIReP. The morphology before cross-linking (figure 5.10a) is a co-continuous one, whereas 
Figure 5.9 DSC melting endotherms of all PP/NR TPE and 
TPVs. 
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after EIReP [figure 5.10(b-d)], a dispersed phase of rubber particles within the PP matrix is 
seen. The particle size ranges from 1 to 3 µm. Further lowering of rubber particle size would 
have led to better mechanical properties. In comparison to an absorbed dose of 150 kGy, the 
morphology shows a trend of comparatively larger NR phases for 250 and 350 kGy treated 
TPVs. PP is very sensitive to radiation and shear induced degradation. At high values of 
absorbed dose, pronounced degradation might appear during melt mixing. This would lead to 
a lower viscosity of the PP matrix and an increase of the viscosity mismatch between the two 
blend components. 
 
 
Figure 5.10 SEM photomicrographs of (a) TPEcontrol, (b) TPV150, (c) TPV250, and (d) 
TPV350. 
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5.1.8. Conclusion 
In this initial experiment, EIReP was employed to produce PP/NR TPVs. The experiments 
were done for a fixed blend ratio (50/50 PP/NR) as a function of the absorbed dose (150, 250, 
and 350 kGy) keeping the electron energy (1.5 MeV) as invariable. 2 wt.-% of TMPTMA was 
used as an additive to enhance the free radical induced cross-linking ability. Within the 
selected experimental range, higher absorbed dose leads to steady increase in gel content, 
crosslink density, and hardness. The 100% modulus showed no dependence on the absorbed 
dose. In contrast to this, elongation at break, tensile strength, and Young’s modulus decreased 
with increasing absorbed dose. The morphological analysis and the rheological analyses 
support the transition (phase inversion) of PP phase from co-continuous to matrix phase. It 
can be presumed that the network structure, mainly aggregates of cross-linked NR particles, 
increases the viscosity and tends to collapse and deform to exhibit higher shear thinning 
behavior. The morphological test also suggests that there is still the possibility for further 
improvement which is restricted by our present experimental set-up and materials selection.  
Nevertheless, this study confirms the potential ability of EIReP as a versatile tool to 
develop a range of TPVs. Nevertheless, further experiments are required to investigate the 
role of viscosity of thermoplastic matrix phase as well as type and amount of chemical 
additive to avoid degradation in PP.  
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5.2. Parameters: Selection and fixation  
The first experiment of PP/NR TPVs (section 5.1) according to the formulation and electron 
treatment parameters of PP/EPDM has confirmed the impropriety of the same parameters to 
different systems. Nevertheless, a special knowledge regarding the effect of electron treatment 
on the blend components (here PP and NR) is required in order to select the proper process 
parameters and specifications of the polymers. The properties of the TPVs vary largely 
depending on the compatibility of the blend components, the nature of chemical cross-linking 
agent, the degree of cross-linking in the elastomeric domain, and the final morphology. 
Depending on them, the most commonly encountered difficulties during the preparation of 
any TPV can be categorized as (1) viscosity mismatch, (2) thermodynamic incompatibility, 
and (3) cure rate mismatch [Coran, 1988; Varghese et al., 2004].  
Even in that case, when the knowledge is gathered regarding the effect of electron 
treatment on PP and NR individually and the above mentioned difficulties are overcome, still 
there are other parameters to be addressed. These are related to the conditions before and 
during the electron treatment. The mixing time of any polymer blend plays a crucial role and 
controls the final properties of the blend. This has to be taken into account for the preparation 
of TPEs and TPVs (detail discussion is in section 5.2.5).  
Another important parameter is the rotor speed of the internal mixer (Haake rheomix). 
It controls the shear force during the mixing process and determines the domain of 
thermoplastic and elastomer phases. This parameter is also discussed in detail in the section 
5.2.7.  
To avoid degradation in PP due to higher dose and for promoting cross-linking and / 
or grafting we have used polyfunctional monomers (PFM). The efficiency of PFM may vary 
depending on its reactivity and solubility towards the polymer to be cross-linked 
[Cheremisinoff, 1998]. Depending on chemical structure and functionality of the PFM they 
can form a network structure (for functionality higher than two) or a branched structure (for 
functionality equals to two) in the polymer matrices. Thus, the amount of PFM directly 
controls the extent of cross-linking in the elastomer phase or grafting between elastomer and 
thermoplastic phase (detail discussion is in section 5.2.6). Once all these parameters are 
properly taken care of, a suitable TPV can be prepared with the desired properties. 
 
Chapter 5. Results and discussion 
 
 
63 | P a g e  
 
5.2.1. Static electron treatment on NR and PP  
 
Gel content of NR 
Gel content of virgin NR as function of absorbed dose (figure 5.11) was determined in order 
to understand the cross-linking behavior of NR. No gel content was measured at an absorbed 
dose of 25 kGy. It increases to about 28 % and 64 % at an absorbed dose of 100 kGy and 200 
kGy, respectively. These experimental results show, that high absorbed doses (150 … 350 
kGy) are required to get a high gel content for NR.  
 
 
 
 
 
 
 
 
 
 
 
Mechanical results for NR: 
The influence of mastication time on the tensile properties of NR at different dose values 
[figure 5.12 (a-b)] was investigated. The tensile strength of virgin and masticated NR 
increases with increasing absorbed dose. Nevertheless, virgin NR shows the highest values of 
tensile strength and elongation at break. In the case of 10 minutes mastication, we measured 
lower values of tensile strength. Within the experimental uncertainty, there was hardly any 
change in the elongation at break values. In contrast to this result, a mastication time of 
Figure 5.11 Gel content of virgin NR. 
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20 minutes led to a further decrease of tensile strength as well as a significant reduction in the 
elongation at break values. This result is in agreement with [Varghese et al., 2004].  
 
Mechanical results for PP: 
Figure 5.13 shows the values of (a) tensile strength and (b) elongation at break as function of 
absorbed dose for three different types of PP. The effect of absorbed dose strongly depends on 
the molecular weight of PP. In the case of PP HD120MO and PP HP501N, an absorbed dose 
of 100 kGy led to a significant reduction of tensile strength (a) and elongation at break.   
 
 
Figure 5.12 Effect of absorption dose on the a) tensile strength and b) elongation at 
break values of virgin NR and NR masticated for 10 and 20 min. 
Figure 5.13 Effect of absorption dose on the a) tensile strength and b) elongation 
at break values of virgin and irradiated PP. 
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5.2.2. Viscosity mismatch 
Polymer blends may fail due to various reasons regarding the components. The viscosity 
mismatch is one of them and poses a serious threat towards the prevention or delay in 
distribution of the components. In the case of PP/NR blend, differences in viscosity are 
expected. There are two ways to minimize the viscosity mismatch. The first one is to lower 
the molecular weight of natural rubber by mastication. The other way is based on the judicial 
selection of the PP grade so that it matches the viscosity of masticated natural rubber. 
According to [Varghese et al., 2004] 10 minutes mastication of natural rubber reduces its 
molecular weight and further mastication leads to degradation. In the present study the 
complex viscosity as function of angular frequency was determined for virgin PP, virgin NR, 
and NR subjected to mastication (10 and 20 minutes in a two-roll mill at room temperature 
under air) in order to evaluate the viscosity ratio of PP and NR as well as the required time for 
the mastication of NR. Figure 5.14 shows the absolute value of complex viscosity versus 
angular frequency for pure PP and virgin NR as well as masticated NR (10 and 20 minutes). 
In comparison to PP H2150 the absolute value of complex viscosity of NR masticated for 10 
minutes is less, but shows a similar trend. The absolute value of complex viscosity of PP 
HD120 MO is lesser compared to all the other samples. 
 
 
 
 
 
 
 
 
 
 
Figure 5.14 Complex viscosity of NR (virgin and masticated) 
and PP. 
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A higher viscosity for PP compared to NR is required in order to avoid a viscosity 
mismatch during the melt mixing due to thermal and electron induced degradation of PP. 
Thus it can be concluded that there was a viscosity mismatch in the case of initial experiment 
described in section 5.1. This viscosity mismatch resulted in poor mechanical property of the 
PP HD120MO/NR 20min TPVs. Figure 5.15 shows the surface morphology obtained for 
different grades of PP mixed with NR (10 min masticated) for 8 minutes. It is clearly seen that 
PP with a high viscosity (figure 5.15c) lead to a smaller rubber domain size. In accordance to 
the literature, smaller rubber particle size results in better mechanical properties. Based on the 
viscosity data and the morphology, the most suitable pair will be PP H2150/NR 10min.  
 
 
 
Figure 5.15 SEM images (scale 20µm) showing dependence of rubber domain size on 
the molecular weight of PP (a) HD 120 MO, (b) HP 501 and (c) H 2150.   
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5.2.3. Thermodynamic incompatibility 
A negative Gibbs free energy of mixing (equation 2.1) [Utracki, 1989] is required in order to 
attain a thermodynamic miscibility. This is achieved only during the mixing of liquid low 
molecular weight molecules (monomers, oligomers). 
ΔGmix = ΔHmix – T*ΔSmix         (eq. 2.1) 
In the case of polymers, the contribution of ΔSmix is very small. Thus, the melt mixing of most 
polymers results in a phase separated blend. Only in the case of special interactions, e. g 
hydrogen bonds and dipole-dipole interaction, compatibility is found and homogeneous 
mixtures are formed. There are several methods of increasing compatibility between two 
components. Most commonly a third component is added as a compatibilizer or grafting is 
done onto one blend component [Choudhury and Bhowmick, 1988 & 1989, Hashim and Ong, 
2002]. In another way, an increased compatibility is achieved by adding a selective cross-
linking agent or by dynamic vulcanization. The addition of polyfunctional monomers (PFM) 
as a cross-linking promoter and/or graft-linking is a common technique employed to polymer 
modification by ionization radiation [Manaila et al., 2008]. The investigation for selection of 
proper type and required amount of PFMs is discussed in the section 5.2.7. 
Table 5.3 Surface free energy and solubility parameters of PP and NR. 
Properties PP NR 
Surface free 
 energy (mJ/m
2
) 
19.3 
[Nuriel et al., 2005] 
22.1 
[Stöckelhuber et al., 2010] 
Solubility  
parameter 
(cal./cm
3
)
0.5
 
8.2 
[Michaels et al., 1968] 
8.35 
[El-Sabbagh, 2003] 
 
Nevertheless, a phase separated polymer blend can have a good property level. It strongly 
depends on the type of morphology, the size of domain, and the interfacial adhesion between 
the phases. The interfacial adhesion can be characterized by the surface free energy and 
solubility parameter [Coran et al., 1982]. In the case of PP and NR, these values are similar 
(table 5.3) and suggest a good interfacial adhesion.  
Chapter 5. Results and discussion 
 
 
68 | P a g e  
 
There is no direct relationship between the adhesion energy, surface free energy, and 
solubility parameter which is presented by any equation. 
 
5.2.4. Cure rate mismatch 
Chemical reaction rate depends on several parameters. Cross-linking being a chemical 
reaction also has several controlling parameters and in the case of polymeric blends cure rate 
mismatch is a crucial one. [Coran, 1988] has discussed this parameter for conventional 
vulcanization of dissimilar rubber blends and related it to the predominant consumption of the 
vulcanizing agent (here, sulfur) by the faster curing elastomer (NR for the blend of NR and 
EPDM; due to higher unsaturation present in NR). [Varghese et al., 2004] have mentioned 
about cure rate mismatch in the case of dynamic vulcanization of PP and NR using sulfur. 
Though characteristically different, electron beam (EB) cross-linking may also cause cure rate 
mismatch. On EB irradiation polymer radicals are generated by high energy electrons 
following a free radical mechanism. If the generation rate of these polymer radicals doesn’t fit 
the requirement of the desired cross-linking, side reactions (here mainly degradation of PP) 
will take place and lower the level of mechanical properties. In the case of EIReP, this radical 
generation rate can be controlled by the electron treatment time at fixed absorbed dose and 
rotor speed. In [Naskar et al., 2009; Babu et al., 2011a], its influence on the yield of cross-
linking of the elastomeric domain and the level of mechanical properties was reported. In 
figure 5.16, the influence of the electron treatment time during EIReP on the relative values of 
tensile strength and elongation at break is shown for PP/NR TPVs. Within the experimental 
range, the performance of PP/NR TPVs decreases significantly with increased treatment time 
at fixed absorbed dose and rotor speed. An increase of the electron treatment time from 16 to 
32 s led to a reduction of 10 % and 25 % for the values of tensile strength and elongation at 
break, respectively. A further increase of electron treatment time to 64 s reduced the 
performance of PP/NR TPVs of more than 50 %. Based on these data, we determined an 
optimum electron treatment time of 11 s for an absorbed dose of 100 kGy at a fixed rotor 
speed of 90 rpm in order to avoid a cure (cross-linking) rate mismatch for the preparation of 
PP/NR TPVs. 
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5.2.5. Determination of pre-treatment mixing time 
[Thakur et al., 2012] have shown that the pre-mixing time or the time required before 
applying the electron beam has a significant effect on the final morphology of the PP/EPDM 
TPVs. In chapter 2, the effect of morphology on the technological properties of any TPVs was 
discussed. Thus, the mixing time before EIReP was varied (8, 11, and 14 min) whereas all 
other parameters were kept constant. Figure 5.17 shows the morphology of the blends after 8, 
11, and 14 min mixing for the 50/50 PP H2150/NR_10min mastication. As expected all the 
samples show co-continuous morphology of well distributed elastomer and thermoplastic 
domain. Nevertheless, a detailed study of morphology confirms that the domain size vary 
with the mixing-time. The rubber domain size increases with increasing mixing time. This 
result is in contrast to [Thakur et al., 2012]. This can be attributed to the higher extensibility 
of NR. After initial breakdown, there was tendency to coalescence on further mixing.  
Figure 5.16 Influence of electron treatment time on the 
performance of PP/NR TPV at an absorbed dose of 100 kGy. 
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5.2.6. Determination of rotor speed 
Figure 5.18 shows the chart of tensile strength and elongation at break of PP/NR blend for 
two different rotor speeds, where all other parameters were kept constant. The friction ratio 
between two rotors was maintained at 1.5. It is clearly seen in the chart, that the elongation at 
break shows a more pronounced dependence on the rotor speed than that of tensile strength 
values. This might be attributed to the change in stretching rate for the NR phase in case of 
two different rotor speed. In comparison to 45 rpm, at 90 rpm the stretching rate is double. It 
affects NR more pronouncedly because of its high extensibility. For [Naskar et al., 2009], 45 
rpm was enough to breakdown the EPDM domains, because of its low tack or self-adhesion. 
Finally 90 rpm was used for further studies. 
Figure 5.17 SEM images (scale 5µm) showing dependence of rubber domain sizes on the 
pre-mixing time (a) 8 min, (b) 11 min and (c) 14 min.   
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5.2.7. Type & amount of poly-functional monomer (PFM)  
In accordance to the literature, polyfunctional monomers (PFM) can be used to lower the 
electron induced degradation of PP as well as the required dose for the cross-linking of NR.  
The type and amount of PFM have a direct influence on the degree of cross-linking in the 
elastomer phase [Manaila et al., 2008]. There are various types of PFMs. Depending on their 
chemical structure they can promote cross-linking and/or graft-linking. Most of these PFMs 
are acrylates (e.g. DPGDA, TMPTMA etc.), but another types are also available (e.g. TAC 
etc.). In the case of PP/NR TPVs, the effect of DPGDA, TMPTMA, DTMPTA, and TAC was 
studied (detail is in chapter 4) by mixing these co-agents at fixed amount (2 wt.-%) in NR 
during the mastication followed by cross-linking under static conditions. The hardness was 
measured, as it is an indirect indicator for the degree of cross-linking. Figure 5.19 shows the 
hardness as function of absorbed dose for various PFMs. At an absorbed dose of 500 kGy, the 
highest value for the hardness was obtained for TMPTMA (functionality: 3). Thus, this co-
agent was used in the initial experiment (section 5.1), which gave poor values of elongation at 
break. This can be attributed to the cross-link promoting characteristics of TMPTMA, as 
higher cross-link leads to lower values of elongation at break. The use of DTMPTA 
(functionality: 4) also results in bad mechanical property (not shown here) due to same 
Figure 5.18 Change in elongation at break and tensile strength 
due to increase in rotor speed. 
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reason. TAC could not reach satisfactory hardness level at any value of absorbed dose tested. 
DPGDA, having functionality of only two, is a good choice, as it promotes only graft-link 
formation (shown in later section) and also reaches similar hardness value to that of the 
TMPTMA and DTMPTMA. 
 
 
 
 
 
 
 
 
In accordance to our principle of minimal chemical usage, we also calculated the 
minimum required amount of DPGDA to fully cross-link NR phase on the basis of its 
functionality and specifications of our selected materials. This was done in two steps. Based 
on the definition of the absorbed dose and its transfer to a polymer molecule we calculated the 
average number of radicals (Nr) of PP H2150 for an absorbed dose (D) of 300 kGy and an 
overall G-value of PP (Gt) of 1.65 radicals per 100 eV absorbed energy. According to 
[Burton, 1947], the overall G-value characterizes the total number of molecules or species 
produced or destroyed per 100 eV of absorbed energy. In equation (5.1), NA represents the 
Avogadro constant and Epol is the average energy absorbed per polymer chain. Mn
PP
 
represents the number averaged molecular mass of PP used in this study. It amounts to 
500.000 g/mol.   
A
t
PP
n
r
t
PP
n
Ar
pol
pol
N
GMD
N
GM
NN
m
E
m
E
D
**
*
*
    (eq. 5.1) 
Figure 5.19 Effect of PFM on the hardness of NR at various 
absorbed dose level. 
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At an absorbed dose of 300 kGy about 25 radicals are generated on the high molecular mass 
PP H2150. All these radicals should react with one double bond of a DPGDA molecule in 
order to avoid the electron induced degradation of PP during the solid state irradiation. Based 
on this assumption, the weight percentage of DPGDA (wt(DPGDA)) was calculated with 
equation (5.2) where Mn
DPDGA
 is the molecular mass of DPGDA (242 g/mol) and wt(PP) 
represents the weight percentage of PP. We got 0.6 wt-% of DPGDA. 
               (eq. 5.2)  
 
For final experiments in later section we have used only 0.6 wt-% of DPGDA.   
 
5.2.8. Conclusion 
A detail study of the various parameters which have significant influences on the property and 
morphology of PP/NR blend and TPV were discussed in this section. It is confirmed from this 
study that various incompatibilities are not the only hindrances behind the failure of TPVs, 
but there are further factors acting as well. Due to the origin of NR from nature and its unique 
characteristics, NR needs modification to meet the essential conditions. Nevertheless, careful 
considerations regarding all these parameters and successfully overcoming those will lead to 
the required material selection and processing parameters. Thus, the knowledge gained 
through the initial experiment in section 5.1 and detailed studies of the various parameters in 
this section will be used for further investigations.  
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5.3. PP/NR TPEs via static  treatment: Advantage of  PFM 
In the endeavor to prepare a wide range of natural rubber based thermoplastic elastomer, we 
have decided to process PP/NR based TPEs with suitable type and minimum content of 
polyfunctional monomer (0.6 wt.-% of DPGDA; the calculation is shown in section 5.2.7). 
Here the electron treatment was done in the traditional way where the samples were kept on a 
moving tray and subsequently passed under the high energy electron beam. Previous 
investigations [Thakur, 2012] and also the study in section 5.2 suggest that the, processing 
conditions before EIReP influence the property level of TPEs and TPVs. This may be 
attributed to the fact that once final cross-linking is done the morphology is fixed and doesn’t 
change on subsequent (re) processing. Thus, the morphology attained before EIReP acts as a 
precursor for the final morphology. 
 
5.3.1. Effect of absorbed dose on the chemical structure of the blend components   
Melt mixing at high temperature and followed by high energy electron treatment at room 
temperature in nitrogen atmosphere are supposed to bring considerable chemical changes in 
the overall structure of the polymer blend components. Functionalization of polypropylene at 
elevated temperature is a known technique employed for better interfacial adhesion and 
chemical bonding [Akolekar et al., 2012]. Figure 5.20 (a) and (b) show the infrared spectra of 
PP/NR blends without and with 0.6 wt.-% of DPGDA, respectively. Absorption bands at 
~1740, 1710, 1660, and 1540 cm
-1
 were observed for all samples regardless of DPGDA’s 
presence and absorbed dose. The bands, like 1740 cm
-1
 (lactones) can be attributed to PP 
only. On the other hand, the bands like 1660 cm
-1
 (C=C stretching) and 1540 cm
-1
 (COO
- 
for 
proteins and amino acids) can only be attributed to NR whereas the band 1710 cm
-1 
(carbonyl) 
can be attributed to both of PP and NR degradation [Salomon and Van der Schee, 1954; 
Akolekar et al., 2012]. 
 
The results clearly show that FTIR is not sensitive enough to detect the electron 
induced changes in both components of the blend with or without DPGDA even at an 
absorbed dose of 350 kGy in comparison to the control sample. A higher absorbed dose 
should have led to lower intensity of C=C stretching due to higher cross-linking of NR. But 
the C=C content of NR is too high. At an absorbed dose of 350 kGy, about 0.5 % of C=C 
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bonds of NR are utilized and within the experimental uncertainty no change in C=C stretching 
intensity could be observed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.20 Infrared spectra of PP/NR blends having a) no 
DPGDA and b) 0.6% DPGDA. 
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5.3.2. Correlation between gel fractions to synergetic scission and cross-linking  
Figure 5.21 and 5.22 show graphs of cross-link density and gel content values, respectively. 
With higher absorbed dose a steady increase in cross-link density as well as gel content value 
was observed. At an absorbed dose of 150 kGy, the DPGDA didn’t lend any extra efficiency 
of improving the cross-link density, whereas a significant increase in gel content value was 
observed. At an absorbed dose of 250 kGy the same cross-link density and gel content values 
were achieved for both samples within the experimental uncertainty. In contrast to these 
results, a small increase in cross-link density values was found at an absorbed dose of 350 
kGy for the sample containing DPGDA. At this value of absorbed dose the gel content value 
was greater than 50 %. In the case of the samples with DPGDA it amounted to 63 %.  
 
 
 
 
 
 
 
 
 
 
This high value of gel content may be attributed to graft linkage formation [Ibrahim and 
Dahlan, 1998; Naskar et al., 2009]. The results of the gel contents are used to plot the sol 
fraction, S, as function of the inverse of the absorbed dose (figure 5.23) in accordance to 
equation (5.4)
 
[Charlesby and Pinner, 1959]. In this equation, u1 is the initial number averaged 
degree of polymerization, p0 the fracture density per unit of dose in kGy, q0 the density of 
cross-linked units per unit of dose in kGy, and D the absorbed dose in kGy. 
Figure 5.21 Cross-link density values for blends with and without 0.6 wt.-% 
DPGDA at different absorbed dose values (experimental error ≤ 2%). 
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The Charlesby-Pinner plot is used in order to determine the gel dose as well as the ratio of 
chain scission to cross-linking (p0/q0) for the PP/NR blend. For polypropylene, the number of 
molecules or radicals produced or destroyed per 100 eV of absorbed energy or it’s G-value for 
cross-linking and scission are almost equal. Thus PP tends to degradation. In the case of 
natural rubber the G-value for cross-linking is much higher than that of scission. That means 
NR tends to cross-linking. The experimental data of both blends suggest the favorability of 
cross-linking over scission. Nevertheless, there is a small change in the ratio of chain scission 
to cross-linking (p0/q0) as well as in the slope of the Charlesby-Pinner plot. In the case of 
PP/NR blend with DPGDA, we got the minimum value for the ratio of chain scission to cross-
linking (0.66) as well as for the slope of the Charlesby-Pinner plot (125 kGy). From these 
results we concluded that the density of cross-linked units per unit of dose for the PP/NR 
blend slightly increased in the present of DPGDA. This is in agreement with the 
corresponding values of gel dose. They amount to 109 kGy and 93 kGy for the PP/NR blend 
Figure 5.22 Gel content values for blends with and without 0.6 wt.-% 
DPGDA at different absorbed dose values (experimental error ≤ 2%). 
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without and with DPGDA, respectively. At these values, the parameter of S + S
0.5
 is two. 
Finally, this result is confirmed by the measured cross-link density at 350 kGy.   
 
 
 
 
 
 
 
 
 
 
 
5.3.3. Calorimetric study and crystalline susceptibility towards irradiation  
Differential scanning calorimetric study were carried out to understand crystallization and 
melting behavior of the prepared blends. Table 5.4 shows the experimental data of glass 
transition temperatures of NR and PP (Tg), melting temperature (Tm), maximum crystallization 
temperature (Tc,m), and melt enthalpy (∆H). Within the experimental uncertainty no significant 
change in Tg is observed for both components of the blend. The melt enthalpy of PP remained 
mostly unchanged up-to an absorbed dose of 250 kGy for blends without as well as with 
DPGDA. However, blends treated with an absorbed dose of 350 kGy showed a decrease of 
melt enthalpy. This decrease can mainly be attributed to high energy electron induced changes 
in the molecular structure of the PP generating defects in the PP crystalline structure. Both 
types of blend showed a decreasing trend of melting temperature with increasing dose. This 
trend was further enhanced by low molecular weight and low viscosity DPGDA for the blend 
having a polyfunctional monomer. In comparison with pure PP (Tm = 165 °C), the decrease in 
melting temperature for the un-irradiated PP/NR blends can be attributed to the addition of 
Figure 5.23 Charlesby-Pinner plots of PP/NR blends without 
and with 0.6 % DPGDA. 
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amorphous NR, because of its negative effect on the normal crystallization process of PP 
[Rooj et al., 2011]. 
Table 5.4 Experimental data for glass transition (Tg) of NR and PP, melting temperature 
(Tm), maximum crystallization temperature (Tc,m), and melt enthalpy (∆H) of all 
samples. 
 
*experimental error amounts to ±1 K.   **experimental error amounts to ± 0.5 J/g. 
 
Further, there are common phenomena in the PP phase of the PP/NR blend during the electron 
treatment like the reduction of molecular weight, chain branching, and the incorporation of 
chemical groups like carbonyl and hydro-peroxides [Otaguro et al., 2010]. Finally, all the 
above competing processes influence the melting temperature and crystallinity of the blend. 
5.3.4. Balance of absorbed dose and mechanical properties  
Simultaneous effects of absorbed dose and polyfunctional monomer are supposed to make a 
difference in the mechanical properties of PP/NR blends. The mechanical properties are the 
main criteria for most of the standards with addition to special properties for specific 
applications. The influence of absorbed dose and DPGDA on the tensile strength and the 
elongation at break values are shown in figure 5.24 and 5.25, respectively. Table 5.5 contains 
the summary of mechanical data. In the case of the blend with 0.6 wt.-% of DPGDA, the 
maximum tensile strength was reached at an absorbed dose of 150 kGy. A similar value of 
tensile strength for the blend without DPGDA was obtained at an absorbed dose of about 
250 kGy.  
Sample 
 
Tg* 
(NR) 
[
o
C] 
Tg* 
(PP) 
[
o
C] 
Tm* 
(2
nd
 
heating) 
[
o
C] 
Tc,m* 
(1
st
  
Cooling) 
[
o
C] 
∆H** 
(2
nd
 
heating) 
[J/g] 
blend_0kGy -66 -5 159.6 112.9 47.2 
blend_150kGy -65 -7 156.0 111.0 47.6 
blend_250kGy -65 -7 151.0 109.5 45.9 
blend_350kGy -65 -9 153.0 110.5 44.3 
blend_DPGDA_0kGy -66 -7 159.9 113.5 48.6 
blend_DPGDA_150kGy -66 -6 156.0 112.2 47.0 
blend_DPGDA_250kGy -65 -7 153.0 110.9 47.2 
blend_DPGDA_350kGy -63 -5 147.8 108.7 43.8 
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Thus, the dose reduction effect of a polyfunctional monomer is observed as expected. This 
level of dose reduction was achieved by adding only 0.6 wt.-% of DPGDA, which gives the 
hope of the feasibility for an additive free production of PP/NR blends with cross-linked NR 
phase. At an absorbed dose of 350 kGy the tensile strength value of both blends merges. A 
similar trend was also found in the case of elongation at break values. The blend with 
DPGDA reached the maximum value (350% ± 10 %) at an absorbed dose of 150 kGy and the 
maximum value of the blend without DPGDA (310% ± 25%) was attained at an absorbed 
dose of 250 kGy. At 350 kGy a decrease of elongation at break values was observed for both 
blends. In the case of the blend with DPGDA elongation at break decreased sharply indicating 
a higher cross-linking which in turn affects the value of elongation at break negatively.  
Table 5.5 Summary of mechanical data for all PP/NR blends samples. 
Samples 
Tensile 
Strength* 
[MPa] 
Elongation 
at break* 
[%] 
100% 
Modulus* 
[MPa] 
E 
Modulus* 
[MPa] 
blend_0kGy 7.9 ± 0.3 77 ± 7 - 231 ± 17 
blend_150kGy 11.8 ± 1.8 250 ± 50 10.0 ± 0.5 209 ± 4 
blend_250kGy 14.5 ± 0.5 310 ± 10 10.5 ± 0.5 243 ± 15 
blend_350kGy 13.7 ± 3.4 280 ± 12 11.0 ± 0.5 271 ± 33 
blend_DPGDA_0kGy 5.5 ± 0.5 46 ± 15 - 204 ± 21 
blend_DPGDA_150kGy 13.7 ± 2.1 350 ± 10 10.0 ± 0.5 277 ± 2 
blend_DPGDA_250kGy 6.9 ± 2.0 31 ± 25 - 219 ± 25 
blend_DPGDA_350kGy 13.7 ± 0.1 220 ± 16 11.0 ± 0.5 251 ± 26 
 
*Average of three measurements.   
All these observations are in good agreement with the data of the gel content study. 
More than 50 % gel content value at higher absorbed dose (350 kGy), especially in presence 
of a polyfunctional monomer, suggest that the cross-linking of NR as well as PP/NR graft-
link formation affect mechanical properties. Finally we found, that the maximum tensile 
properties of the 50/50 blend of PP/NR with DPGDA were reached at a gel content of 33 %. 
In contrast, the maximum tensile properties of the 50/50 blend of PP/NR without DPGDA 
were reached at gel content of 50 %. 
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Figure 5.24 Variation of tensile strength for all blends with 
different absorbed dose. 
Figure 5.25 Variation of elongation at break for all blends 
with different absorbed dose. 
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5.3.5. Correlation between morphology and technological properties 
A morphology study can give an insight picture of the polymer blends to understand how the 
materials may behave during test or application. In Figure 5.26 photomicrographs of blends 
with and without DPGDA are shown for the maximum tensile properties in comparison to the 
un-irradiated one. In these photomicrographs co-continuous matrices are observed as expected 
from rubber-thermoplastic blend prepared by melt mixing [L’Abee, 2009; Babu and Naskar, 
2011].   
 
The electron treatment at room temperature and under nitrogen atmosphere had no 
influence on the morphology of the blends. This means, the blend morphology settled before 
vulcanization. This is contrary to the dynamic vulcanization or the electron induced reactive 
processing (EIReP) where vulcanization process takes place during melt mixing to finalize 
Figure 5.26 SEM photomicrographs of untreated blends [without and with DPGDA 
(a, b)] and blends treated with 150 kGy dose [without and with DPGDA (c, d)]. 
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 the morphology as dispersed cross-linked rubber particle in the thermoplastic matrix [Babu 
and Naskar, 2011]. Nevertheless, figure 5.26(d) shows a somewhat well-defined interface; 
whereas others show co-continuous pictures tend to penetrating network. This might be due to 
the preferential migration of the low viscous DPGDA into the interface owing to its high 
surface energy of 35 mJ/m
2
 [Glöckner et al., 2008] compared to PP of 19.3 mJ/m
2
 [Nuriel et 
al., 2005] and NR of 22.1 mJ/m
2
 [Stöckelhuber et al., 2010].  Thus, accumulation of DPGDA 
into the interfacial region leads to higher graft-linkage of that region during irradiation 
compared to the bulk volume of NR (figure 5.27). Further investigations are required to prove 
this plausible mechanism in order to understand the better mechanical property of the blend 
containing 0.6 % DPGDA and treated with an absorbed dose of 150 kGy.  
For untreated samples the interfacial adhesion was of mainly physical nature and 
partially due to functionalization of PP at elevated temperature whereas for figure 5.26(c) the 
cross-linking took place throughout the natural rubber co-continuous phase without any 
preference in the interface. In contrast to a thermoplastic vulcanizate where the continuous 
thermoplastic matrix mainly contributes to the final mechanical property of the material 
[Omonov et al., 2007], at a 50 / 50 blend ratio the co-continuous phases of rubber and 
thermoplastic contribute almost equally.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.27 Preferential migrations of polyfunctional monomers (PFMs) to 
facilitate higher cross-link density at that region. 
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5.3.6. Conclusion 
A thermoplastic polyolefin elastomer (TPO) based on polypropylene and natural rubber at 
50/50 blend ratio was successfully developed using an electron treatment at room temperature 
and under nitrogen atmosphere. The electron beam technology shows its promising ability to 
develop advanced materials within the existing technical boundaries. The mastication of 
natural rubber for minimization of viscosity mismatch is an essential step for the product 
development. An electron treatment under nitrogen atmosphere with a maximum dose of 350 
kGy did not influence the yield of functional groups of the blends with or without DPGDA. 
The blend morphology showed a co-continuous phase of both components. The use of a 
polyfunctional monomer resulted in an increased tensile property at a reduced dose level and 
helped in generating higher graft-linkage at the interface of polypropylene and natural rubber. 
Depending on the application, there is also plenty of scope for customization of final 
products. 
Thus, there is a hope for PP/NR thermoplastic vulcanizates with same formulation, but 
prepared by electron induced reactive processing. This study suggests that the judicious 
selection of raw materials, absorbed dose, cross-linking conditions (nitrogen atmosphere), and 
polyfunctional monomers will result in well distributed morphology of thermoplastic and 
elastomer. 
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5.4. PP/NR TPVs via EIReP: Adverse effect of PFM 
In case of [Thakur, 2012], we have seen that the initial morphology of elastomer and 
thermoplastic blend acts as a precursor for the final thermoplastic vulcanizate (TPVs). In 
section 5.3, we have studied the effect of static electron treatment on the properties of 
polypropylene/natural rubber blend in presence of a low viscous polyfunctional monomer 
(PFM) (here, DPGDA) at ambient temperature. Static electron treatment led to improved 
mechanical properties, whereas the presence of PFM reduced the value of absorbed dose by 
promoting graft-linkage at the interface of PP/NR. For further study, we have formulated the 
same experiment with in-situ electron modifications at elevated melt temperature. In that way, 
the effect of electron induced reactive processing (EIReP) on PP/NR blend in presence of a 
PFM (0.6 wt.-% DPGDA, section 5.2.7)) could be understood. The samples have been 
designated PND0, PND100, PND150, and PND250 for the dose values of 0, 100, 150, and 
250 kGy, respectively. 
 
5.4.1. Mechanical properties 
The tensile stress versus tensile strain curves have been shown in the figure 5.28. Their 
average values and uncertainties have been summarized in the table 5.6. As expected, EIReP 
led to improved tensile strength and elongation at break, but this improvement was restricted 
up-to the absorbed dose of 150 kGy. 
 
 
 
 
 
 
 
 
Figure 5.28 Tensile stress vs. tensile strain graph for all PP/NR 
blends with and without electron treatment. 
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Table 5.6 Summary of mechanical data for in-situ electron modification of PP/NR 
blends in presence of DPGDA (average of three measurements). 
 
 
 
 
 
 
 
Values of absorbed dose higher than 150 kGy led to the deterioration of the properties. The 
maximum mechanical properties of these TPVs are inferior to that of TPEs treated with state 
of the art electron treatment at ambient temperature and under nitrogen atmosphere (section 
5.3). Nevertheless, the highest set of mechanical properties for state of the art electron 
treatment was obtained at 150 kGy, whereas for EIReP 100 kGy was sufficient. Thus, the 
influence of DPGDA to reduce the absorbed dose is still valid in case of electron induced 
reactive processing. To understand the reason of the reduced level of mechanical properties at 
higher values of absorbed dose further investigations are required.  
5.4.2. Dynamic mechanical properties 
Figure 5.29 shows the storage moduli obtained from temperature sweep experiments of 
dynamic mechanical analyses. In comparison to the untreated blend (PND0), the storage 
moduli of EIReP samples are higher. The initial increase in modulus may be attributed to the 
graft-linking of DPGDA, whereas the cross-linking of NR phase results in higher values of 
storage modulus at temperatures above Tg of NR. Beyond the Tg of NR, the decrease in the 
moduli of the EIReP samples is in the order of absorbed dose. The higher the absorbed dose 
the lower is the modulus. This indicates degradation of PP at higher values of absorbed dose. 
Figure 5.30 shows the variation of tanδ with temperature. Corresponding to the Tg of NR and 
PP, tanδ for PND0 was highest, which results from the increased polymer chain mobility. 
This was due to the presence of low viscous DPGDA which acted as plasticizer and enhanced 
chain mobility.  
Samples 
Tensile 
Strength [MPa] 
Elongation 
at break [%] 
100% 
Modulus [MPa] 
Young’s 
Modulus [MPa] 
PND0 5.8 ± 1.0 29 ± 2 - 226 ± 58 
PND100 10.0 ± 1.0 260 ± 35 8.0 ± 0.5 219 ± 15 
PND150 9.1 ± 3.0 240 ± 50 8.0 ± 0.5 212 ± 9 
PND250 8.4 ± 0.6 150 ± 35 7.5 ± 0.5 183 ± 10 
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In comparison to the untreated blend (PND0), the tanδ peak values of EIReP samples are 
lower and follow the order of absorbed dose. Higher values of absorbed dose cause higher 
values for the tanδ peak. This may be attributed to the degradation of NR or less graft-links 
between NR and PP phase. 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Figure 5.29 Change in storage modulus (Eˈ) with temperature for 
in-situ electron modified PP/NR blends. 
Figure 5.30 Change in tanδ with temperature. 
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In the high temperature range, the values of tanδ decreases with increasing dose. This 
indicates the degradation of PP due to electron irradiation at high temperature. Though the 
mixing and EIReP was carried out in nitrogen atmosphere, degradation could not be avoided 
completely at high temperature processing. Nevertheless, this degradation was not very 
pronounced for PND100 as the absorbed dose was comparatively lower. This is confirmed by 
the tanδ value of PND100 corresponding to the Tg of NR which is lowest, but the tanδ value 
corresponding to the Tg of PP shows hardly any change with the absorbed dose. In section 
5.2, it was shown that an absorbed dose of 100 kGy is not sufficient to cause degradation in 
NR phase, but it induces degradation in the PP phase. 
5.4.3 Structure-property relationship 
Figure 5.31 shows the surface morphology of the in-situ modified PP/NR blends as obtained 
from scanning electron microscope. For the control sample (PND0) the morphology is co-
continuous, as expected.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.31 SEM photomicrographs for controlled (a) and, all in-situ modified (b 
to d), PP/NR blend containing DPGDA, at 5kX magnification and 1 µm scale. 
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The EIReP samples showed a phase inversed morphology with NR particle dispersed in the 
PP continuous matrix. Nevertheless, the nature of continuity differs according to the absorbed 
dose. The morphology of PND100 and PND150 (figure 5.31 b & c) show somewhat well 
distributed rubber domains, whereas PND250 shows the grossly bigger NR domains 
accumulated in few regions.  
 
 In the case of state of the art electron treatment at ambient temperature under 
nitrogen atmosphere (section 5.3), low viscous DPGDA could migrate to the interface and 
enhanced the cross-link and/or graft-link density in that region. In the case of EIReP, the 
mobility of polymer chains depends on temperature of melt mixing as well as on shear and 
elongation fields. In addition, it is well known [Krause2006] that an electron treatment at 190 
°C causes pronounced degradation when the absorbed dose is higher than 20 kGy. Thus, the 
poor property of PND250 could be attributed to the increased electron induced degradation of 
PP matrix resulting in less molecular mass as well as an increase of the viscosity mismatch. 
The mechanical and dynamic mechanical properties of PND100 and PND150 are comparable. 
This may be attributed to the lower yield of degradation of PP due to the comparatively lower 
absorbed dose where the presence of DPGDA could not exert its full adverse effect to 
promote selective higher cross-link region.  
 
 
 
  
Figure 5.32 TEM photomicrographs for controlled (a) PND0 and (b) PND100 
in 1 µm scale. 
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 As discussed in earlier chapters the rubber particle size plays a crucial role to the 
mechanical properties of the TPVs. Figure 5.32 shows the bulk morphology for PND0 and 
PND100 as obtained from transmission electron microscope. Co-continuous phase of both NR 
and PP are seen in figure 5.32(a) for PND0 whereas in figure 5.32(b) the rubber particles 
ranging 2 to 6 µm are distributed in the continuous thermoplastic PP phase. Thus PND100 
shows dispersed phase morphology. 
 
5.4.4. Conclusion 
In this section PP/NR TPVs were produced by EIReP in the presence of a low viscous 
polyfunctional monomer (DPGDA). In comparison to the results of previous section (section 
5.3), we can see that the EIReP does not lead to better mechanical properties in presence of 
DPGDA. The reason may be attributed to the presence of a low molecular mass co-agent and 
electron induced degradation of PP at high values of absorbed dose. This effect was more 
pronounced in the case of higher values of absorbed dose, but it caused overall lowering of 
property level for all modified samples. 
 Thus, a further study without any polyfunctional monomer is required in order to 
get information on the influence of EIReP without any co-agent. There is a scope for further 
improvement of morphology and properties of these PP/NR TPVs. Finally, this may lead to 
the preparation of completely additive free PP/NR TPVs by EIReP. 
 
 
 
 
 
 
 
 
 
 
Chapter 5. Results and discussion 
 
 
91 | P a g e  
 
5.5. PP/NR TPVs via EIReP: High performance additive free TPVs 
In section 5.3 we have seen that the level of mechanical property for PP/NR TPVs lowered 
from that of the PP/NR TPEs after state of the art electron treatment in the presence a PFM. 
After detailed studies it was found that the effect of PFM depends on the temperature and 
mobility of polymer chains during electron treatment. Thus, a further study was performed for 
the electron induced reactive processing of the pure PP/NR blend in order to investigate the 
effect and to use the full potential of EIReP. The samples have been designated as PN0, 
PN100, PN150, and PN250 in accordance to their absorbed dose 0, 100, 150, and 250 kGy, 
respectively. 
 
5.5.1. Mechanical properties 
The stress–strain curves of the PP/NR TPVs prepared by EIReP are shown in figure 5.33. The 
average values and their uncertainties are summarized in table 5.7. The experimental results 
confirm that EIReP has a profound effect on the tensile properties of the prepared TPVs. The 
maximum values of tensile strength and elongation at break were observed for PP/NR TPVs 
prepared at an absorbed dose of 100 kGy (PN100). Nevertheless, this huge increase of 
property level was abruptly restricted and lowered with further increase of absorbed dose.  
 
 
 
 
 
 
 
 
 
 Figure 5.33 Tensile stress vs. tensile strain graph for all 
PP/NR blends with and without electron treatment. 
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Table 5.7 Summary of mechanical properties for all PP/NR blends with and without 
electron treatment (average of three measurements). 
Samples 
Tensile 
Strength [MPa] 
Elongation 
at break [%] 
100% 
Modulus [MPa] 
Young’s 
Modulus [MPa] 
PN0 7.7 ± 0.7 96 ± 50 - 280 ± 12 
PN100 14.8 ± 1.3 508 ± 7 9.0 ± 0.5 261 ± 14 
PN150 8.7 ± 2.0 200 ± 50 7.5 ± 0.5 230 ± 23 
PN250 10.0 ± 0.5 208 ± 26 8.0 ± 0.2 194 ± 3 
 
 Also in the previous section (section 5.4) the maximum set of mechanical properties 
were obtained for an absorbed dose of 100 kGy. This confirms that the required optimum 
absorbed dose is about 100 kGy for EIReP with the present set of experimental parameters 
and irrespective of PFM. In general, the mechanical properties of TPVs are mainly attributed 
to the thermoplastic phase which is further enhanced by the rubber phase [Babu and Naskar, 
2011]. In our case, the decrease in mechanical properties at higher absorbed dose values can 
probably be attributed to the increased electron induced degradation of the high molecular 
weight PP. This was also observed in the section 5.4, for EIReP of PPN/NR blend in the 
presence of DPGDA. The higher degree of degradation of PP led to less property level which 
may be confirmed by the rheological study in next section. 
 
5.5.2. Rheological properties 
Figure 5.34 shows the absolute value of complex viscosity (|η*|) as function of angular 
frequency for all prepared TPVs. The samples showed a typical pseudo-plasticity, i.e. their 
|η*| decreased with the increase in shear rate due to the shear thinning characteristics of 
common thermoplastics [Wang et al., 2011]. The TPVs treated with an absorbed dose of 250 
kGy (PN250) showed a prominent shear thinning whereas the PP/NR blend (PN0) showed 
less shear thinning. 
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 The zero shear viscosity of all TPVs increased with increased absorbed dose. This 
increase is mainly associated with the cross-linking of the NR phase embedded in the PP 
phase [Babu et al., 2011a & 2012]. An increased absorbed dose led to a higher cross-linking 
yield, which ultimately led to an increment of |η*|. At angular frequencies higher than 4 rad/s, 
the absolute value of complex viscosity of TPV decreased with increased absorbed dose. 
 
 
 
 
 
 
 
 
 
 
 
 The change in complex viscosity also resembles the relative molecular chain packing 
in the polymer system. The decrease of |η*| beyond 4 rad/s frequency indicates a loose 
molecular chain packing which might be due to increased degradation at higher absorbed 
dose, mainly in the PP phase. For PN0, |η*| was highest as there was no electron beam 
exposure. Whereas, for PN250 the |η*| was lowest due to the maximum absorbed dose. 
Further studies may confirm the presence of degradation.  
 
 
 
 
Figure 5.34 Relationship between complex viscosity and 
frequency for pure blend and TPVs. 
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5.5.3. Cross-link density values 
The cross-link density values from equilibrium solvent swelling measurements give the 
absolute number of molecules cross-linked in the sample. Nevertheless, the sensitivity of this 
chemical method and the influence of the amorphous PP component of the TPVs allow the 
use of this data for the purpose of comparison. According to figure 5.35, 150 kGy treated 
sample (PN150) attained highest cross-linking density values, whereas PN100 and PN250 
showed little less values. So it is evident from the mechanical data, higher cross-linking 
degree doesn’t always lead to better mechanical property (table 5.7). At 100 kGy, PP/NR TPV 
reached the proper balance so as to impart the best set of mechanical properties. PN150 
showed highest cross-linking density, but lower mechanical properties, as swelling 
measurements could not take into consideration the sensitivity of PP towards electron 
irradiation. Since the mechanical property is the result of the contribution from both the 
phases the maximum cross-link density value of PN150 is not reflected in its mechanical 
properties. For 250 kGy treated sample, lowering of cross-link density corresponds to the 
degradation of NR phase as well, which is confirmed by the rheological data as well as 
dynamic mechanical data. It showed enhanced molecular chain motion due to shortening of 
chain length from the over exposure to high energy electron beam.  
 
 
 
 
 
 
 
 
 
 
Figure 5.35 Variation of cross-link density with absorbed 
dose (experimental error ≤ 2%). 
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5.5.4. Dynamic mechanical properties 
Throughout the whole temperature range, a huge increment in storage modulus is seen for 
PP/NR blends after EIReP as shown in the figure 5.36. Below the glass transition (Tg) 
temperature of NR (-75 °C), the storage modulus is almost same for all PP/NR TPVs due to 
the restriction of any sort of molecular chain motions. At temperatures above -75 °C, the 
storage modulus of PN 250 decreased sharply due to less restriction of molecular chain 
motions. The decrement for PN100 was much lesser compared to PN150 and PN250. This 
could be attributed to the degradation of NR phase which is well in-line with the cross-link 
density values (figure 5.35).  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.37 shows the tanδ values as function of temperature where two major transitions are 
seen at -75 °C and 15 °C corresponding to the Tg of NR and PP, respectively. It also clearly 
shows the effect of high energy electrons on these two transitions. Both peaks show similar 
behavior in the order of absorbed dose. The higher the absorbed dose the higher is the peak 
maxima. This is in contradiction to the usual chemical cross-linking where higher cross-
linking lowers the tanδ peak [Kuriakose et al., 1986].  
Figure 5.36 Storage modulus graph from temperature sweep 
experiment. 
Chapter 5. Results and discussion 
 
 
96 | P a g e  
 
 
 
 
 
 
 
 
 
 
 
 This can be explained in the same way as the rheological data and the values of cross-
link density. Here, the peak maxima confirm the level of degradation following the same 
order of absorbed dose, as degradation leads to chain shortening which results in higher loss 
modulus and lower storage modulus giving increased tanδmax. Higher cross-link density value 
of PN150 (figure 5.35) could not impart its influence as degradation of PP prevailed over 
cross-linking effect of NR. In this case, the overall tanδ values corresponding to the Tg of NR 
and PP are lower compared to that of section 5.4. This confirms the effect of PFM as a 
plasticizer in the case of EIReP, leading to higher loss modulus and tanδ peak values. 
 
5.5.5. Morphological studies 
The final morphology of TPVs owes to several parameters, including blend composition, 
viscosity ratio, shear force, and interfacial interaction between the two phases. According to 
common perception, during dynamic vulcanization a phase inversion from the elastomeric 
matrix to the thermoplastic matrix takes place [L’Abee, 2009; L’Abee et al., 2010] and a 
dispersed cross-linked rubber particles are seen in the continuous thermoplastic matrix. 
 
Figure 5.37 Change in tanδ with temperature. 
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Thus, the final mechanical properties of the TPVs are controlled by the continuous 
thermoplastic phase which is further reinforced by cross-linked rubber particles. In this case, 
the dominating factor is the rubber particle size in the thermoplastic matrix. Figure 5.38 
shows the SEM photomicrographs of all four PP/NR blend samples with and without electron 
treatment. Except Figure 5.38(a) of PN0, all the Figures 5.38(b-d) showed discrete phase 
morphology where cross-linked rubber particles are well distributed in the continuous PP 
matrix. For PN0 homogenously distributed co-continuous phase morphology of both PP and 
NR is seen. This homogenous distribution of the two phases resulted from the minimization 
of viscosity mismatch. In this co-continuity, broad domains of NR are seen which obviously 
could not break down without cross-linking. The uncross-linked NR has less mechanical 
strength which is reflected in the final properties of this blend (PN0) as in the case of co-
continuous phase morphology the mechanical property of the blend is equally controlled by  
Figure 5.38 SEM photomicrographs for (a) PN0, (b) PN100, (c) PN150 and, 
(d) PN250 in 1000X magnification and 10µm scale. 
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thermoplastic phase and un-cross-linked rubber phase. For PN250 figure 5.38(d) shows 
somewhat bigger rubber particle size compared to figure 5.38(b) of PN100 and figure 5.38(c) 
of PN150. This may be attributed to the degradation of PP due to higher absorbed dose where 
degraded PP makes room for coalescence of two adjacent rubber particles previously adhered 
to PP phase. This could be seen in the picture with higher magnification for PN100 and 
PN250 in figure 5.39(a) and figure 5.39(b), respectively. 
 
 
To understand, how the rubber particle size influences the mechanical properties of the 
PP/NR TPVs, TEM microscopy was used for the composition with the highest (PN100) and 
the lowest (PN0) level of mechanical property, shown in figure 5.40(a) and figure 5.40(b), 
respectively. PN0 in figure 5.40(a) shows co-continuous phase morphology where NR 
domain is distributed across the entire PP phase. Nevertheless, in figure 5.40(b) the rubber 
particle size can very easily be ascertained within the range of 1 to 4 µm for PN100. The 
mechanical strength principally came from the continuous thermoplastic phase, which was 
further reinforced by cross-linked NR particles. In accordance to common perception [L’Abee 
et al., 2010] the smallest rubber particle size in the case of PN100 showed the best set of 
mechanical properties. So for both cases the morphology of the blends can be well correlated 
to their properties. 
Figure 5.39 SEM photomicrographs for (a) PN100 and (b) PN250 in 5000X 
magnification and 1µm scale. 
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5.5.6. Conclusion 
In the final study, the EIReP was successfully employed to produce PP/NR TPVs with 
increased mechanical properties, but without any use of compatibilizer or chemical additives. 
Based on our earlier investigation in section 5.2 regarding (1) the viscosity mismatch, (2) the 
thermodynamic incompatibility, and (3) the cure rate mismatch, we could optimize the 
mastication time of NR and the duration of electron treatment in order to avoid a viscosity or 
cure rate mismatch during EIReP of PP/NR TPVs. Further investigation in section 5.4, 
regarding the effect of a PFM during EIReP led to discard of PFM. The morphological and 
rheological analyses could be well co-related to the experimental data of both mechanical and 
dynamic mechanical test results of the TPVs. The maximum level of mechanical properties 
was achieved at an absorbed dose of 100 kGy. A further increase of absorbed dose values led 
to a reduced property level due to degradation, mainly in PP. 
 Thus, this investigation regarding the development of partially replaced fuel resource 
free thermoplastic vulcanizates with sustainable EIReP was successful.  
 
 
Figure 5.40 TEM photomicrographs of (a) PN0 and (b) PN100 in 1µm scale. 
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Summary and conclusions 
 
Summary 
A range of thermoplastic elastomers (TPEs) and thermoplastic vulcanizates (TPVs) based on 
polypropylene/natural rubber (PP/NR) have been developed by the use of high energy 
electrons. According to the mode of electron treatment, the PP/NR blends belong to the class 
of TPEs for the state of the art electron treatment or TPVs for the new electron induced 
reactive processing (EIReP). It has been shown that the properties of these blends could be 
customized depending on the raw materials and the parameters of the electron treatment at a 
fixed blend composition (50/50 wt.-%). In addition, the effect of polyfunctional monomers 
(PFMs like; TMPTMA, DPGDA etc.) on properties of these blends was also investigated. The 
best set of mechanical properties obtained in different experiments is summarized in figure 
6.1 and the corresponding nomenclature is explained in table 6.1.  
Table 6.1 Sample designation and list of parameters chosen. 
 TPV150 TPE150 PND100 PN100 
NR mastication 20 min 10  min 10 min 10 min 
PP HD 120 MO H 2150 H 2150 H 2150 
PFM_% TMPTMA_2 DPGDA_0.6 DPGDA_0.6 - 
Mixing 14 min 11 min 11 min 11 min 
Dose [kGy] 150 150 100 100 
Treatment  EIReP conventional EIReP EIReP 
 
The initial experiment in section 5.1, led to the TPV (TPV150) with good tensile strength, but 
low elongation at break value. Nevertheless, subsequent study led to a TPE with much 
improved properties, but only in presence of a PFM. In the case of EIReP, this  PFM could not 
impart any positive aspect, rather lowered the level of mechanical properties (PND100). 
Finally, EIReP of the pure PP/NR blend in the absence of any PFM showed highest set of 
properties (PN100). 
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The dynamic mechanical studies of these TPVs showed that both components were 
immiscible. Two distinct tan delta peaks corresponding to the glass transition temperatures 
(Tg) of NR and PP are observed (figure 6.2). In the case of TPV150, the tanδ peak 
corresponding to the glass transition of PP is less pronounced. Within the experimental 
uncertainty of the measurements all tanδ curves are comparable, but the TPVs showed large 
differences in the tensile properties (figure 6.1). 
Figure 6.1 Compositions shown best set of properties in different experiments.  
Figure 6.2 tanδ obtained from temperature sweep experiments. 
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For all TPEs and TPVs, the morphology (figure 6.3) could be easily correlated to the 
mechanical properties (figure 6.1). As expected, the TPE showed co-continuous matrices, 
whereas the TPVs showed well dispersed rubber particles within the thermoplastic matrix. 
Nevertheless, for same absorbed dose TPE150 showed higher value of elongation at break 
compare to TPV150. This result confirms that with well distributed components and 
improved interfacial adhesion, co-continuous phase morphology (TPE150) can also impart a 
good level of mechanical properties.  
 
 
 
According to the literature, the tensile properties of TPVs strongly depend on the 
rubber particle size. In the case of PN100, the rubber particle size ranges from 1 to 4 µm 
which is smaller than that of PND100, but higher in comparison to TPV150. In contrast to the 
morphology, the TPV150 shows the lowest level of elongation at break value in comparison 
to all TPVs tested. This might be due to the use of raw materials with different molecular 
weight as well as molecular weight distribution. These parameters influence the mobility of 
macromolecular chains as well as the radical induced chemical reactions during EIReP  
causing lower extensibility. 
Figure 6.3 SEM photomicrographs of a) TPV150, b) TPE150, c) PND100), and 
d) PN100 at 5 µm scale and 5KX magnification.  
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Conclusions 
 
In this study, PP/NR TPVs with excellent technological properties could be prepared by 
EIReP confirming its versatility to develop a wide range of TPVs. The electron parameters 
overtaken from previous studies needed meticulous revisions due to the characteristic 
differences in the raw materials. That confirms the unsuitability to the use of generalized 
electron parameters for different polymeric systems. Commonly encountered difficulties 
during development of any TPVs like viscosity mismatch, structural incompatibility, and cure 
rate mismatch need to be solved properly. The mastication was a very useful tool for lowering 
the viscosity of NR to match the viscosity of PP. Higher viscosity grade of PP had to be 
chosen in order to minimize the effect of thermal induced degradation during EIReP. 
In addition to the preparation of PP/NR TPVs, TPEs were also prepared by state of the 
art electron treatment at ambient temperature under nitrogen atmosphere. The effect of 
various PFM to promote cross- linking and/or graft- linking was mainly limited to the state of 
the art electron treatment of TPEs. Having low viscosity and being incompatible, PFM 
migrated to the interface of PP and NR to form graft- linkage. Nevertheless, this effect was 
limited for EIReP due to simultaneous melt mixing and electron treatment. Still, for both 
modes of electron treatment the required absorbed dose was lowered in presence of a PFM. 
Other parameters like pre-treatment mixing time and rotor speed showed a significant 
influence on the morphology and the mechanical properties of the TPVs. In the case of raw 
materials showing no viscosity mismatch, the lowering of pre-treatment mixing time led to a 
well distributed morphology attributing to the extremely high extensibility of NR that tends to 
coalescence on extended mixing due to thermal degradation of PP. Before EIReP, a higher 
rotor speed led to an improved morphology due to the requirement of increased shear stress to 
breakdown high viscous NR domains. On the contrary, this higher rotor speed during EIReP 
affected the level of tensile properties of PP/NR TPVs. The oxidative degradation of PP was 
decreased by performing the reactive processing in nitrogen atmosphere.  
Finally, the judicial selection of raw materials and various parameters’ specifications 
ultimately led to the PP/NR TPVs having maximum tensile properties with well dispersed 
phase morphology.   
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Outlooks 
The goal of this research work was successfully achieved by preparing additive free PP/NR 
TPVs using chemical free sustainable EIReP technology. Nevertheless, there is always room 
for improvement or diversification. The following points will give some proposals.  
 
 In the case of PP/NR TPVs, it was shown that the size of rubber particles is not the 
only parameter controlling the level of tensile properties. Thus for better 
customization, further investigations are required in order to indentify those 
parameters controlling the tensile properties of TPVs like molecular weight, 
distribution of molecular weight etc. after the preparation of TPVs.  
 It has been shown that the rotor speed has a significant influence on the mechanical 
properties of TPVs. Nevertheless, in all experiments the rotor speed was kept constant 
throughout the pre-mixing and the electron treatment of EIReP. To fully understand its 
influence, different rotor speeds during the electron treatment of EIReP should be 
tested at a friction ratio of 1. 
 In this study, partially fossil resource free TPVs were prepared. To make it completely 
fossil resource free, the presently used thermoplastic component (PP) should be 
replaced by a naturally resourced polymer like poly- lactic acid (PLA), poly-butylene 
succinate (PBS) etc.  
 Finally, the experiences in preparation of TPVs by a discontinuous EIReP should be 
transferred to the newly developed continuous process in order to evaluate the market 
potential of this environment friendly and sustainable reactive processing technology.  
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Appendix A 
Comparison of PP/NR TPVs produced by EIReP with commercial TPVs 
 
Name of commercially important various thermoplastic vulcanizates (TPVs) have been 
provided in chapter-1. For PP/EPDM based TPVs, Santoprene® (AES, USA) and Sarlink® 
3000 and 4000 (Teknor Apex, USA) are most common. Whereas, for PP/NR based TPVs, 
Vyram® (AES, USA) and DVNR® (Teknor Apex in USA and Vitacom in UK) are 
commercially available. DVNR® was developed by MRPRA in 1980s. Another patent for 
modified formulations of peroxide cured PP/NR TPVs has been filed by TARRC very 
recently.  Few important properties of these TPVs and the PP/NR TPV prepared by EIReP are 
given in the following table.  
 
  Table: Properties of few commercially available and PP/NR-EIReP TPVs. 
 
TPVs 
Hardness 
[Shore A] 
Modulus @ 100% 
[MPa] 
TS @ break 
[MPa] 
EB 
[%] 
*Santoprene® 201-64 69 2.6 7 450 
*Sarlink® 3160 62 3.8 5.4 270 
PP/NR TPV, EIReP 80 9 15 510 
*Vyram® 9101-45 44 - 3.1 390 
**PP/NR TPV 
MRPRA’1988 
70 - 8.4 355 
***PP/NR TPV    
TARRC’ 2008 
59 2.13 4.4 293 
 
* Datasheet available from suppliers. ** Gelling et al. US patent no. 4,769,416 (1988).  
*** Cook et al. US patent no. 7, 390, 850 B2 (2008). 
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